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FOREWORD 


The  research  study  reported  herm  w :.r  conducted  by  the  Lockheed- 
Califomia  Company  (CALAC),  Eurbunk,  CalifoiTia  under  Contract  F336l5-73“2C>4b 
for  the  Air  Force  Aero  Fropulsion  Laboratory  (AFAPL),  Wright- Patterson  Air 
Force  Base,  Ohio  under  Project  3066.  Tusk  12,  work  unit  12.  This  study  is 
part  of  a  continuing  program  sponsored  by  AFAPL  aimed  at  reducing  aircraft 
propulsion  system  noise  while  minimizing  performance  and  weight  penalties. 
This  contract  effort  was  concerned  particularly  with  assessing  forward 
flight  effects  on  propeller  noise  radiated  from  low  tip  speed  propellers 
used  on  quiet  covert  observation  aiT*^rnf+. 

Project  Leader  at  CALAC  was  Mr.  Edward  D.  Griffith  who  had  also  beer, 
responsible  for  the  acquisition  of  the  noise  data  in  field  experiments  or. 
past  quiet  aircraft  programs .  Most  of  these  field  experiments  were  conduct*: 
by  the  Airborne  Systems  Organization  of  the  Lockheed  Missile  3  and  Space  Com¬ 
pany  (LMSC)  under  sponsorship  by  Army  Contract  MAJ 01- 6G-C- 00'j 9 •  Acknowledge¬ 
ment.  is  due  in  particular  to  Mr*.  David  Paul  III  who  had  overall  respone ibil. t 
for  these  field  tests  with  the  Y0-3A  aircraft  and  who  established  and  stand¬ 
ardized  many  of  the  field  test  procedures.  Detailed  analysis  of  data  v=^e 
performed  by  the  Lockheed  Rye  Canyon  Acoustics  Research  La't  oratory ,  L~. 

James  D.  Revell  at  CALAC  was  responsible  for  the  extensive  theoretical  re¬ 
view  conducted  during  tlie  study. 

The  Air  Force  provided  estimates  of  propeller  noise  and  aura  .  detection 
ranges  based  uj on  parametric  information  supplied  by  CAZ~C,  Mr.  Jerry  Martin 
(ASD/X ail))  and  Mr.  Walter  Lichtenberg  (ASD/XRHF)  were  r<  sponsible  for  these 
Air  Force  noise  and  range  predictions.  The  study  was  con. acted  during  the 
period  from  February  1973  through  November  1973  under  the  direction  of  Air 
Force  Project  Engineers,  Lt.  Craig  Lyon  and  Mr.  Paul  Skahady  (Ai.aPL/TJC) . 

Acknowledgement  is  due  Mr.  Bruce  Metzger  and  Mr.  Don  Hall  of  Haar, 3 ton- 
standard  and  to  Dr.  Martin  Lows  on  of  Loughborough  Uni  vers  it;.-  i.,r  helpful 
consultation  during  the  program.  Dr.  Glen  E.  Bowie  of  the  Lockheed  Eye  Can¬ 
yon  Research  Laboratory-  provided  consultation  on  acoustic  ground  reflection 
and  doppler  phenomena. 

Acoustic  noise  signature  data  for  the  Army  Y0-3A  OLservaticn  Aircraft 
used  in  this  study  and  formerly  classified  as  Confidential,  weri  declass,  fled 
on  February  3>  1573;  therefore,  there  is  no  classified  information  in  this 
succeeding  report  submitted  by  the  authors  in  November  1573. 

Publication  of  this  report  does  not  constitute  Air  Fo  ce  approval  of  the 
report’s  finding  or  conclusions.  It  is  published  only  for  the  exchange  and 

~  £  J - - 

o  uJ.muxauj.vjii  kJb  • 

T  C /f  i SIMP^N 

Director 

Turbine  Engine  Division 

Air  Force  Aero  Propulsion  Laboratory 


ABSTPACT 


Quiet  aircraft  uned  for  covert  aerial  night  reconnaissance  employ  low  tip 
speed  propellers  to  achieve  a  minimum  acoustic  noise  signature.  This  study 
was  initiated  when  certain  unexpected  and  anomalous  trends  in  the  measured 
propeller  loise  of  such  aircraft  were  compared  to  predictions  of  noise  made  by 
the  Mr  Force  Propeller  Noise  Prediction  Piogram.  Large  discrepancies  in  both 
trends  and  levels  were  noted  between  measured  and  piedicted  r.oisc.  Therefore, 
the  goal  of  this  study  was  the  modification  of  an  existing  Air  Force  computer 
program  such  that  accurate  predictions  of  far  field  noise  for  low  tip  speed 
propellers  can  be  made.  Empirical  data  from  previous  quiet  airplane  experi¬ 
ments  were  used  to  develop  modifications  to  be  .h  rotational  and  vortex  noise 
prediction  methods  for  propellers  operating  in  the  tip  speed  range  from  Much 
0.2  to  0.4.  Tasks  in  this  study  involved  a  detailed  analysis  of  data  acquired 
on  past  programs,  a  review  of  propeller  noise  theory,  development  of  empirical 
corrections  for  the  Mr  Force  computer  program,  and  the  construction  of  design 
charge  v--  tip  sp“eri  propellers .  The  end  result  was  a  corrected  Mr  Force 
computer  program  that  accurately  predicus  xne  far  lxeld  nuiae  produced  Ly  lo» 
tip  speed  propellers  and  propeller  design  charts  for  application  to  future 
quiet  aircraft  designs  employing  such  propellers. 
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SECTION  I 
INTRODUCTION 


Ir.  1966  the  Honorable  John  Foster,  Director  of  Defense  Research  and 
Engineering  described  in  a  Government/industry  briefing  a  problem  concerning 
covert  air  surveillance  needed  in  Southeast  Asia  (SEA) .  Even  though  the 
enemy  in  SEA  lacked  sophisticated  aircraft  detection  devices  (such  as  radar) 
the  noise  of  existing  observation  aircraft  provided  advanced  warning  that 
minimized  effectiveness  of  aerial  night  reconnaissance.  The  obvious  solution 
to  this  problem  wss  a  qu<et  observation  aircraft  that  would  minimize  the  a"ral 
detection  ~ange . 

Definition  of  this  major  problem  area  and  recognition  of  the  fact  that 
the  potential  solution  encompassed  the  design  and  development  of  quiet  obser¬ 
vation  airplanes  resulted  in  the  launching  of  two  important  and  parallel 
program^.  The  combined  results  from  these  programs  eventually  isolated  the 
problem  that  is  the  subject  of  the  present  study.  The  Lockheed  Missiles  and 
Space  Company  (IMSC),  using  minimum  radiated  acoustic  noise  as  the  criterion, 
designed,  built  and  flight  tested  a  family  of  quiet  aircraft  .  Concurrently, 
the  Air  Force  sponsored  a  number  of  in-house  and  contract  research  studies  on 
aid  aspects  of  reducing  the  far  field  radiated  noise  for  this  type  of  aircraft. 
One  of  these  studies  had,  as  the  end  result,  a  computer  program  for  the  pre¬ 
diction  of  t'ne  noise  produced  by  low  tip  speed  propellers.  Differences 
between  the  computer -predicted  propeller  noise  and  that  measured  during  the 
quiet  aircraft  flight  tests  form  --he  basis  for  the  present  study. 


1.  LM3C  QUIET  AIRCRAFT  PROGRAM 


Under  sponsorship  of  the  .Advanced  Research  Project  Agency  (ARPA),  IMSC 
began  development  of  propeller  driven  quiet  aircraft  in  196 7  This  program 
produced  prototype  aircraft  that  were  successfully  tested  and  later,  in  1968, 
deployed  in  combat  ope -ations  in  SEA  for  the  purpose  of  evaluating  this  type 
of  aii-craft.  This  successful  deployment  led  to  an  advanced  quiet  observation 
aircraft,  the  YO-3A,  that  was  produced  in  limited  quantities  under  Army  spon¬ 
sorship.  At  the  same  time,  LMSC  designed  and  built  the  Q/STAR  Research  Quiet 
Aircraft.  This  experimental  aircraft  was  used  to  test  various  noise  reduction 
concepts. 

In  1970-71  a  number  of  Y0-3A  aircraft  operated  in  service  in  SEA  for  a 
period  of  about  twelve  months.  Figure  1  is  a  photograph  of  the  Army  Y0-3A 
Observation  Aircraft .  This  two  place  airplane ,  with  a  pilot  and  an  observer 
and  equipped  with  night  viewing  devices,  had  performance  characteristics 
needed  for  effective  low-level  tactical  night  reconnaissance  missions.  The 
key  performance  factor  was  the  low  acoustic  noise  signature  that  resulted  in 
minimum  aural  detection  range  and  the  capability  of  covert  night  operation. 
These  low  noise  characteristics  were  achieved  by  a  number  of  special  design 
features  illustrated  in  Figure  2.  Of  these,  the  major  features  were  the 
clean  aerodynamic  lines  that  minimized  aerodynamic  noise,  engine  compartment 
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Figure  2  -  Nol/n  Reduction  Features  of  ftule- 
Aircraft  Deaign 
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soundproofing  and  exhaust  muffling  that  reduced  engine  noise,  and  the  use  of 
low  tip  speed  propellers  that  greatly  reduced  propeller  noise.  These  quieting 
techniques  have  been  discussed  in  the  recently  declassified  reports  on  the 
Y0-3A  development  program  (references  1,  2,  and  3). 

Noise  reduction  features  of  the  aircraft  were  designed  to  be  most  effec¬ 
tive  at  the  "quiet  cruise"  velocity  where  minimum  power  is  required  and  minimum 
noise  is  produced.  Figure  3  shows  the  correlation  between  required  power  and 
radiated  noise.  Detailed  analysis  of  the  Y0-3A  far  field  noise  signature, 
measured  during  the  quiet  cruise  operation,  led  to  the  conclusion  that,  after 
all  the  quieting  features  had  been  incorporated  into  the  aircraft  de:  ign,  the 
propeller  remained  the  predominant  noise  source.  Evidence  supporting  this  con¬ 
clusion  is  presented  later  in  this  report.  A  typical  narrow  buna  plot  of  the 
Y0-3A  acoustic  noise  signature  is  shown  in  Figure  4. 

In  October  1970,  flight  tests  on  the  Y0-3A  were  conducted  for  qualifying 
a  new  propeller  design.  Since  the  far  field  noise  signature  is  controlled  by 
propeller  noise,  the  opportunity  was  taken  to  acquire  noise  data  from  tliree 
different  propellers.  The  empirical  data  from  these  fly-over  tests  comprise 
the  most  significant  results  obtained  on  the  noise  radiated  by  low  tip  speed 
propellers  and  were  used  exclusively  throughout  this  study. 

2.  AIR  FORCE  QUIET  AIRCRAFT  RESEARCH  STUDIES 

Concurrent  with  the  ARPA/Army  sponsored  quiet  aircraft  development 
programs  that  resulted  in  military  hardware,  the  Air  Force  sponsored  a  nuiber 
of  comprehensive  in-house  and  contract  research  studies  that  covered  a  wide 
range  of  aircraft  noise  generating  and  noise  reduction  factors.  These 
studies  covered:  the  measurement  of  the  aerodynamic  noise  produced  by  gliders 
during  flyover  (reference  4);  the  aural  detection  of  far  field  aircraft  noise 
(reference  5);  a  summary  of  the  overall  technology  of  aircraft  noise  reduction 
(reference  6).  While  these  studies  contributed  much  useful  technology  for 
quiet  aircraft  design,  the  most  significant  programs,  in  light  of  the  conclusion 
that  the  propeller  is  the  predominant  noise  source  for  light-weight  pro¬ 
peller  driven  quiet  observation  aircraft,  were  the  studies  on  low  tip  speed 
propeller  noise  sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory  (AFAPL). 
jhis  work  has  been  reported  in  references  7>  8  and  5*  The  result  of  these 
efforts  was  an  Air  Force  computer  program  for  predicting  both  the  level  and 
spectra  of  the  noise  of  low  tip  speed  propellers  and  the  associated  aural 
detection  range .  Unfortunately,  only  static  propeller  test  data  were  available 
for  the  validation  of  this  computer  program  during  the  period  of  the  study. 

3.  PRESENT  STUDY 

Unexpected  results  were  obtained  in  October  1970  tests.  Anomalous  trends 
in  propeller  noise  were  discovered  in  the  flyover  noise  data  that  had  not  been 
observed  in  static  testing  of  propellers  nor  were  they  predicted  by  conventional 
propeller  noise  the  -y.  As  a  result  it  was  suspected  that  the  aforementioned 
computer  program  based  on  conventional  theory  and  correlated  with  static  test 
results,  might  not  accurately  predict  low  tip  speed  propeller  noise  in  flight. 
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In  earJLy  1972  a  comparison  of  measured  and  predicted  noise  was  made  and  this 
pi’oved  to  he  the  case.  Serious  discrepancies  between  measured  and  predicted 
levels  and  the  ass  .'dated  trends  were  found  for  both  the  rotational  and  vortex 
noise  components  in  the  tip  speed  velocity  ranee  from  approximately  Mach  0,2 
to  0.1*, 


The  present  study  was  structured  to  resolve  the  disagreement  between 
aeasured  and  predicted  results,  and  to  modify  the  Air  Force  computer  program 
so  that  accurate  noise  predictions  from  low  tip  speed  propellers  can  he  made. 

lj .  OBJECTIVES 


The  objectives  of  this  study  were: 

a.  To  analyze  empirical  data  with  sufficient  detail  for  modifying  the 
prediction  methods, 

b.  To  conduct  a  theoretical  review  of  propeller  noise  generation  and 
provide  explanations  for  the  anomalous  trends  observed  in  experimental 
results , 

c.  To  modify  the  Air  Force  computer  pregram  in  such  a  manner  that 

ac  :urate  predictions  of  noise  from  low  tip  speed  propellers  can  be 
made,  and 

d.  To  develop  design  charts  for  this  type  of  propeller  that  will  be  use¬ 
ful  in  design  of  future  quiet  propeller  driven  aircraft. 


rue  tasks  leading  to  accomplishment  of  these  objectives  are  discussed 


the  following  sections. 


SECTION  II 


QUIET  AIRCRAFT  EXH2R B4ENTAL  MTA 


A  large  quantity  of  experimental  acoustic  noise  data  were  acquired  during 
the  various  phases  of  the  Quiet  Aircraft  Urogram.  This  program  began  with 
flight  and  ground  tests  of  the  prototype  aircraft  in  1967,  extended  tl trough 
testing  of  experirae  tal  aircraft,  and  ended  with  field  experiments  of  produc¬ 
tion  aircraft  in  1971*  During  this  period  of  several  years,  experience  with 
flying  and  testing  this  type  of  aircraft  resulted  in  significant  improvements 
in  field  test  techniques  and  in  the  quality  of  field  test  results.  New  field 
test  procedures  were  tried,  evaluated  and  eventuarly  standardized  in  order  to 
produce  consistent  experimental  data  that  could  be  used  for  detailed  studies 
of  the  aircraft  far  field  noise  signature. 

Near  the  end  of  the  program,  in  197°»  flyover  experiments  were  conducted 
with  the  Y0-3A  aircraft.  In  this  same  year  static  tests  were  also  conducted 
using  the  Q/STAR  experimental  aircraft  as  the  test  stand.  Three  different 
propellers  were  used  in  both  tests.  Tliree  and  six  blade  propellers  of  standard 
propeller  design  were  used  along  with  a  special  three  blade  propeller  that  was 
designed  from  a  low  noise  criterion.  Descriptions  of  these  aircraft  and  each 
of  the  propellers  are  presented  in  Appendix  I.  Experimental  data  from  both 
flyover  and  static  tests  were  considered  in  this  study.  However,  only  aircraft 
flyover  test  data  were  used  to  develop  modifications  for  the  Air  Force  computer 
program. 

Specific  experimental  and  data  analysis  procedures  are  discussed  in 
Appendix  II*  The  test  data  from  these  past  field  tests,  recorded  on  magnetic 
tape,  were  subjected  to  a  detailed  analysis  as  part  of  this  study.  Once  these 
data  were  analyzed,  it  was  necessary  to  apply  corrections  for  various  factors 
including  ground  reflection  and  the  doppler  phenomena.  These  corrections  are 
discussed  in  Appendix  III. 

Flyover  and  static  tests  are  discussed  below.  Quality  of  experimental 
results  and  the  evidence  that  the  observed  far  field  noise  originated  from  the 
propeller  are  also  discussed. 

1,  FLYOVER  EXHiRBEHTS 

The  original  Y0-3A  aircraft  was  equipped  with  a  fixed  pitch  six  blade 
propeller  of  conventional  or  standard  design.  This  standard  six  blade  pro¬ 
peller  performed  well  at  the  quiet  cruise  operating  mode,  but  since  propeller 
pitch  could  not  be  adjusted  for  different  flight  modes,  both  takeoff  and  climb 
performances  were  somewhat  limited.  To  improve  these  performance  characteris¬ 
tics,  a  propeller  development  program  was  conducted  in  1970  that  provided  a 
variable  pitch  (or  so  called  "constant  speed")  three  blade  propeller.  Aside 
from  this  feature,  the  propeller  was  also  of  conventional  or  standard  aero¬ 
dynamic  design. 
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For  the  purpose  of  qualifying  the  sta*  ’ard  tJirce  blade  propeller  in  a 
retrofit  program  for  the.  aircraft  deployed  in  SKA,  a  serf’s  of  field  experi¬ 
ments  were  conducted  in  October  1970-  Those  experiment.'  included  measurement 
of  tiie  flyover  noise  from  both  the  standard  three  and  six  blade  propellers 
and  an  acoustic  three  blade  wropeiler,  The  acoustic  three  blade  propeller 
had  Veen  designed  from  noise  rather  than  aerodynamic  criteria,  and  it  featured 
a  radier  thick  airfoil  section  with  a  wide  chord.  This  propeller  also  had  a 
variable  pitch  capability. 

Weather  conditions  during  the  flight  tests,  in  October  1970*  of  the 
standard  tnrec  blade,  the  standard  six  blade,  and  the  acoustic  three  blade 
propellers  were  excellent  witli  minimum  wind  and  ambient  background  noise  on 
most  test  days.  These  conditions,  combined  with  the  standardized  flyover 
vest  procedures  developed  over  seveial  years  of  testing,  provided  unusually 
good  quality  propeller  noise  data.  The  two  variable  pitch  propellers  provided 
the  first  opportunity  in  the  quiet  aircraft  program  to  vary  propeller  rpm 
while  keeping  other  parameters  (except  torque)  constant.  Data  from  these 
experiments  provide  the  best  experimental  results  for  the  widest  range  of 
uarametrj.c  variations  that  were  acquired  during  the  entire  quiet  aircraft 
progiam.  Hereafter  in  this  report  these  experiments  will  be  referred  to  as 
thf  "October  tests."  These  flyover  results  have  been  used  exclusively  in  this 
study  to  develops  the  etnpii  ical  modifications  for  the  Air  Force  computer  pro¬ 
gram  for  predicting  noise  of  law  tip  spied  propellers.  Static  test  data  wex-e 
not  used  for  the  reasons  discussed  below . 

2 .  STATIC  TESTS 

Prior  to  the  flyover  tests  with  the  Y0-3A,  the  three  propellers  were 
available  for  static  testing,  and  in  the  simmer  of  1970  tests  were  conducted 
using  the  Q./STAH  experimental  aircraft  as  a  static  test  stand.  For  these 
tests  the  wings  were  removed  and  the  attitude  of  the  fuselage  adjusted  so 
that  the  propeller  disc  plane  was  perpendicular  to  the  ground.  Description 
of  the  aircraft  of  each  of  the  three  propellers,  and  test  and  analysis  pro¬ 
cedures  are  presented  in  Appendix  1  and  H  along  with  flyover  test  information. 

Although  static  tests  were  conducted  for  the  standard  three  blade,  the 
standard  six  blade,  and  the  acoustic  three  blade  for  a  variety  of  propeller 
rpm  and  pitch  conditions  comparable  to  the  operating  conditions  for  flyover 
tests,  results  from  these  static  test  stand  experiments  were  disappointing. 
Static  test  noise  results  were  difficult  to  interpret  and  showed  little  corre¬ 
lation  with  flyover  noise  results.  One  problem  was  that  given  propeller  .-om 
conditions  could  be  achieved  on  the  static  tests  with  much  less  power  than 
required  on  flyover  tests.  Presumably'  this  wse  related  to  non-realistic  inflow 
conditions  in  static  tests.  This  eliminated  the  possibility  of  correlation  of 
far  field  noise  levels  using  horsepower  as  the  norm li zing  parameter. 

However,  a  more  basic  problem  is  the  inherent  difference  in  the  character 
of  the  noise  observed  in  the  two  different  types  of  testing.  Narrow  band 
spectral  results  from  flyover  tests  show  the  traditional  rotational  noise 
uarmonics  decreasing  in  level  so  that  only  two  or  three  harmonics  can  be 
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observed  as  discrete  frequencies  above  the  broadband  random  vortex  noise 
levels.  In  narrow  band  plots  of  static  teats  of  these,  low  tip  spied  propellers 
the  harmonic  levels  do  not  decrease  nearly  as  quickly  with  harmonic  number. 
Indeed,  such  pilots  show  significant  discrete  frequency  levels  above  the  vortex 
noise  levels  to  the  ninth  or  tenth  harmonic  as  illustrated  in  Figure  5.  Thus, 
the  basic  character  of  the  noise  from  the  two  types  of  tests  is  substantially 
different.  The  unusual  character  of  far  field  noise  from  static  teats  of  this 
type  of  low  tip  speed  propeller  also  observed  in  two  research  programs 
sponsored  by  AFAPL  (references  7  and  9)* 

In  view  of  the  difficulties  noted  above,  the  static  test  data  analyzed  in 
this  study  were  not  considered  when  developing  the  empiirical  modifications  for 
the  Air  Force  computer  program.  However,  the  cause  of  the  different  noise 
characteristics  generated  by  the  same  propeller  in  the  flyover  and  static 
test  modes  of  operation  is  considered  worthy  of  additions!  investigation  in 
future  work. 

3.  QUALITY  OF  EXPJRBTNTAL  RESULTS 

The  quality  of  experimental  results,  on  which  validity  of  the  empirical 
modifications  developed  in  this  study  are  dependent,  is  greatly  influenced  by 
three  I’actors : 

•  the  procedure  for  both  the  field  tests  and  data  analysis, 

•  the  verification  that  the  predominant  source  of  the  observed  aircraft 
noise  was  the  propeller,  and 

»  the  correction  of  the  analyzed  data  for  the  effects  of  ground 
reflections  and  doppler  x'requeney  shifts. 

These  factors,  their  influence  on  the  final  quality  of  experimental  results 
and  the  impact  on  empirical  modifications  developed  for  the  Air  Force  computex* 
program  during  this  study  are  discussed  below. 

a.  Flyover  Experimental  Procedures 

There  are  several  conflicting  requirements  for  conducting  flyover 
tests  with  quiet  airplanes  if  such  tests  are  to  provide  valid  measurements 
of  the  radiated  far  field  low  level  noise  signatures.  The  aircraft  must  fly 
iont  alt itvde  to  alio?’  tlis  gy? ? g  1  v** 1 1  of*  f*5.T  I'icicL  nols^  -  liovr^y^i'  ^ 
since  the  radiated  noise  from  the  quiet  airplane  is  low,  the  aircraft  altitude 
must  be  low  enough  to  provide  a  recognizable  noise  level  above  the  ambient 
background  noise .  This  requirement  car  be  partially  alleviated  by  conducting 
experiments  in  remote  locations  away  from  the  usual  man-made  noise  sources 
and  by  testing  in  low  natural  background  noise  conditions.  Minimum  wind  is 
also  an  essential  test  condition  from  the  standpoint  of  both  noise  and  flight 
operations.  Flight  safety  is  another  factor  which  establishes  a  minimum  fly¬ 
over  altitude , 
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A  standard  flyover  test  was  developed  which  satisfied  these  conf1 ' ”t- 
ing  requirements;  an  altitude  of  125  feet  was  used.  This  flyover  altitude 
provided  the  required  distance  for  far  field  measurement  of  propeller  noise 
(i.e.,  about  15  propeller  diameters).  For  wind  conditions  of  less  than  5  mph, 
background  noise  in  remote  locations  was  usually  at  least  10  dB  below  the 
peak  aircraft  noi.se  level  during  the  flyover  for  the  frequency  range  of  in¬ 
terest.  Such  tests  were  performed  safely  by  experienced  test  pilots. 

During  these  standardized  flyover  tests  it  was  essential  to  control 
and  measure  a  number  of  variaul.es  such  as  aircraft  velocity,  altitude,  lateral 
position,  propeller  rpms ,  engine  horsepower,  etc.  Consistent  flyover  proced¬ 
ures,  described  in  Appendix  ID  were  used  to  accomplish  the  required  control 
over  the  measurement  parameters.  Even  so,  it  was  found  necessary  for  good 
results  to  average  the  data  from  several  flyover  runs.  Individual  flyover 
runs  that  are  used  in  certain  forms  of  data  analysis  (e.g.  narrow  band  analysis) 
require  normalization  to  the  average  levels.  Under  optimum  test  conditions, 
flyover  test  results  vrere  achieved  that  showed  small  statistical  variations 
in  noise  levels.  Figure  6  illustrates  the  statistical  variability  of  octave 
band  levels  of  peak  noise  in  a  series  of  18  nans  used  for  qualification  pur¬ 
poses.  Standard  deviations  of  about  one  dB  in  octave  band  levels  were  achieved 
in  these  October  tests .  For  the  purpose  of  this  study  the  mean  value  of  at 
least  three  flyover  runs  was  utilized  in  all  cases  to  normalize  individual 
data  plots . 

b.  Source  of  Observed  Noise 

The  subjective  Judgment  of  most  observers  listening  to  all  quiet  air¬ 
craft  (from  the  QT-2  prototype  through  the  Y0-3A  limited  production  aircraft) 
was  that  the  propeller  was  the  predominant  noise  source.  Some  test  data  from 
other  studies  of  gliding  aircraft  supported  this  interpretation,  and  during 
the  October  1970  tests  of  the  YQ-3A  equipped  with  two  propellers  having  vari¬ 
able  pitch  capability  more  positive  evidence  verifying  this  source  was  acquired. 
The  sources  of  noise  for  the  Y0-3A  acoustic  noise  signature  are  discussed  below 
in  terms  of  discrete  frequency  and  broadband  random  noise. 

(l)  Discrete  Frequency  Noise 

In  narrow  band  plots  of  peak  3.evel  flyover  noise,  discrete  frequency 
tones  can  be  observed  in  the  spectra  at  low  frequencies  (i.e.,  below  250  Hz). 
When  propeller  rpm  is  varied,  the  frequencies  of  most  of  these  tones  can  be 
correlated  (when  corrected  for  doppler  shifts,)  with  predicted  emitted  fre¬ 
quencies  of  propeller  rotational  noise  harmonics.  Frequencies  of  these 
harmonics  are  given  by  the  equation 

f  =  e.30  Bmlrgn),  (l) 

m  oO 


where 


f  =  frequency  of  rotational  noise  harmonic 
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AIRCRAFT:  Y0-30/STANDARD  SIX  BLADE 
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Figure  6  -  Typical  Aquatic  Qualification 
Test  P.wults 


m  =•  propeller  rotational  noise  harmonic  number 


rpm  ~  engine  revolutions  per  minute 


B  number  of  propeller  blades 


0.30  =  speed  reduction  factor 


For  three  blade  propellers  the  first  three  harmonics  can  usually  be  observed 
above  ube  level  of  broadband  random  noise  while  for  the  six  blade  propeller 
only  the  first  two  are  present.  The  correlation  of  predicted  and  observed 
frequencies  and  the  absence  of  other  potential  noise  sources  for  these  dis¬ 
crete  frequency  tones  lead  to  the  conclusion  that  propeller  rotational  noise 
is  the  source  being  measured. 


Occasionally  in  the  narrow  band  spectra  a  discrete  frequency  tone 
is  observed  that  correlates  with  the  predicted  engine  firing  frequency.  The 
frequency  of  this  tone  is  given  by  the  equation 


where 


(rpm)  x  N 
120 


(Hz) 


(2) 


f_  =  engine  firing  frequency 
r 


N  =  number  of  cylinders 


It  is  believed  that  this  pure  tone  noise  originates  at  the  engine  exhaust  and 
radiates  from  the  tailpipe  of  the  muffler  system.  A  more  efficient  muffler 
design  presumably  would  have  eliminated  this  noise.  For  the  purpose  of  this 
study  these  tones,  when  present,  are  removed  from  the  spectral  plots. 

Prior  to  conducting  acoustic  field  tests,  many  quiet  aircraft 
delivered  to  the  test  site  exhibited  another  type  of  discrete  frequency  noise 
that  usually  dominated  the  high  frequency  (i.e„,  above  250  Hz)  spectra  with 
levels  of  5  to  15  dB  above  the  levels  of  broadoand  noise.  These  tones  were 
"whistles"  generated  by  aerodynamic  sources.  Holes,  cavities,  and/or  cracks 
in  the  airframe  vrere  usual  sources.  In  the  experimental  flight  tests  these 
tones  were  eliminated  in  all  acoustic  test  cases  by  taping  over  the  noise 
sources  to  restore  a  clean  aerodynamic  configuration  to  the  airframe.  In 
military  field  operations  of  the  aircraft  these  same  corrective  techniques 
were  used  to  assure  the  proper  acoustic  noise  signature.  As  a  result,  no 
discrete  frequency  (pure  tone)  noise,  attributable  to  aerodynamic  sources, 
was  ever  observed  in  the  far  field  noise  signatures  of  quiet  airplanes. 

(2)  Broadband  Random  Noise 

Verification  of  the  source  of  the  observed  broadband  random  noise 
is  more  difficult  because  of  the  possibility  that  such  noise  may  be  generated 
by  a  variety  of  aerodynamic  sources  associated  with  the  airframe.  However, 


1^ 
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there  seems  to  be  adequate  evidence  that,  this  broadband  noise  was  propeller 
vortex,  noise.  This  evidence  is  as  follows r 


(&'  Levels  of  the  broadband  noise  were  shown  in  this  study  to 
change  as  functions  of  propeller  tip  speed  when  all  other 
parameters  (except  torque)  are  held  constant.  This  <oul.d 
not  be  true  if  airframe  aerodynamic  noise  was  a  significant 
contributor  to  the  broadband  noise  observed  in  experiment. 
(However,  interaction  of  propeller  wash  with  the  airframe 
is  a  possibility.) 

(b)  Good  correlation  of  peak  one-third  octave  band  levels  for 
the  broadband  noise  was  found  with  rotational  noise  levels 
in  this  study  over  a  range  of  tip  speeds  from  approximately 
Mach  0.2  to  0.4.  This  correlation  was  incorporated  into 
the  recommended  vortex  noise  modification.  Such  correlation 
could  not  be  expected  if  the  source  of  noise  was  the  air¬ 
frame  moving  through  the  air  at  constant  velocity. 

(c)  In  addition  to  this  evidence,  CA1AC  has  measured  and  re¬ 
ported  on  the  far  field  aerodynamic  noise  from  gliding  air¬ 
craft  (reference  10).  These  data  have  been  re-analyzed 
and  extended  to  measured  C-5A  data  under  sponsorship  of  the 
Langley  Research  Center.  The  current  improved  equation 
for  predicting  the  overall  sound  pressure  level  (OASPL) 

of  airframe  aerodynamic  noise  is: 


OASPL  =  60  LOG  V  +  10  LOG  3  -  20  LOG  h  -  40  LOG  AR  -  1.6  (dB) 
where, 

V  =  Aircraft  velocity  (KTS) 

S  =  Wing  area  (ft2) 
h  =  Aircraft  altitude  (ft) 

AR  =  Aspect  ratio 

1  £  —  T? - .1^4  AA1  AAVtn  l-nvtf 

u.ujjxa  xurii  i  ouin.  w  wvjij.  w 


Using  appropriate  values  of  these  parameters  for  a  typical 
Y0-3A  aircraft  flyover,  the  result  is: 

OASPL  =  54.2  (dB) 
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This  is  well  below  the  60  dB  in  OASrL  tabulated  from  mea¬ 
sured  one-third  octave  band  results  for  the  tip  speed  case 
that  yields  minimum  levels  for  the  broadband  noise.  If 
this  prediction  method  is  accurate  (and  it  has  been  demonr 
strated  to  accurately  predict  aerodynamic  noise  for  several 
gliding  aircraft  ranging  in  size  and  configuration  from 
gliders  to  the  C-5A),  the  broadband  noise  levels  observed 
to  be  several  dB  higher  must  be  propeller  vortex  noise. 

Based  on  the  considerable  evidence  cited  above,  the  conclusions  must  be  drawn 
that  the  levels  of  airframe  aerodynamic  noise  are  sufficiently  below  the  levels 
o'"  the  observed  broadband  noise  to  obviate  this  as  the  source.  Thus,  the  ob¬ 
served  noise  that  correlated  well  with  propeller  rotational  noise  is,  indeed, 
propeller  vortex  noise . 

It  is  noteworthy  that  the  observed  broadband  vortex  noise  peaks 
at  a  constant  frequency  instead  of  shifting  upward  as  propeller  tip  speed 
increases  (as  expected  from  theory).  This  behavior  is  discussed  below. 

The  theory  that  has  been  developed  for  aerodynamieally  generated 
noise  relates  peak  frequency  (f),  velocity  (V),  and  a  physical  dimension  (h) , 
by  the  so  called  "Strouhal"  equation 

ftl 

Wl.ere  f  =  h 

S , -  Strouhal  Number 
t 

When  velocity  (in  this  case  tip  speed)  increases,  peak  frequency  increases. 

For  simple  aerodynamic  forms  such  as  rods  and  spheres,  this  simple  equation 
works  well;  however,  for  more  complex  structures  difficulties  in  applying 
this  basic  concept  are  usually  encountered.  For  example,  it  is  difficult  to 
deteunine  peak  frequency  trends  in  the  results  of  glider  flyovers  reported 
by  the  4ir  Force  in  reference  (6),  and  no  increasing  peak  frequency  trend 
can  be  found  in  the  measured  propeller  vortex  noise  as  propeller  tip  speed 
is  Increased  on  the  Y0-3A.  Several  factors  should  be  noted: 

Strong  ground  reflection  reinforcements  and  cancellations  occur  ir. 
the  nidfrequency  region  where  peak  levels  are  expected.  Higher 
rotational  noise  harmonics  also  exist  in  this  region.  Corrections 
applied  to  measured  data  for  these  phenomena  may  contain  inaccuracies 
that  obscure  the  actual  peak  frequencies. 

One-third  octave  band  plots  are  used  to  describe  the  broadband  vor¬ 
tex  noise  spectra.  Changes  in  peak  frequency  may  be  so  small  that 
such  plots  do  not  delineate  trends. 

Option  3  of  the  Air  Force  computer  program  contains  a  X  .  ...  term, 
vouch  stall 
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represents  the  percentage  of  the  propeller  radius  where  sepai  ated  flow 
conditions  exist.  For  this  option,  this  equation  from  reference  (?)  is 
used  for  predicting  peak  frequency. 


f  ,  =  SV 

^  h  (1  -  KXBtaU) 

As  the  propeller  tip  speed  increases,  X  ^  ^  decreases  and  a  decreasing 
trend  counter  to  the  increasing  velocity  urend  is  introduced.  Since 
this  study  involves  low  tip  speed  propellers  where  stall  conditions 
prohably  exist,  this  equation  provides  a  possible  explanation  for  the 
lack  of  discernible  peak  frequency  change  in  the  measured  data. 

Consequently,  the  measured  levels  are  considered  valid  vortex  noise  levels 
for  this  type  of  propeller.  Minor  error's  in  predicting  peak  frequency  will 
not  have  major  impact  on  predicted  aural  detection. 

c.  Corrections  to  Analyzed  Data 

The  analyzed  flyover  noise  data  in  the  form  of  one-third  octave  hand 
time  history  plots,  tabulations  and  narrow  band  plots  contain  inherent  in¬ 
accuracies  due  to  certain  test  conditions.  The  microphones  monitoring  the 
aircraft  noise  were  positioned  five  feet  above  the  ground  which  provides  a 
reflecting  surface  for  noise  radiated  from  overhead.  Therefore,  the  effects 
of  ground  reflections  of  the  aircraft  noise  in  the  form  of  either  cancel¬ 
lation  of  reinforcement  are  included  in  the  measured  noise.  Likewise,  in  all 
aircraft  flyovers  the  moving  noise  source  is  monitored  by  the  stationary 
microphone  on  the  ground  and  doppler  shifts  in  the  frequencies  of  emitted 
noise  are  included  in  the  measured  noise.  Methods  used  for  applying  correc¬ 
tions  to  analysed  data  are  discussed  in  Appendix  HI.  The  effect  of  these 
inaccuracies  in  measured  data  on  the  Haality  of  corrected  experimental  re¬ 
sults  is  discussed  below. 

The  effects  of  ground  reflection  phenomena  are  present  in  all  aircraft 
flyover  data  ard  can  be  identified  in  both  narrow  band  and  one-third  octave 
band  spectral  plots.  The  narrow  band  analysis  provides  the  best  information 
on  the  discrete  frequency  rotational  noise  components  while  the  one-third 
octave  band  an > lysis  is  considered  a  more  appropriate  measure  for  the  broad¬ 
band  vortex  noise.  Thus,  corrections  for  ground  reflections  following  the 
methods  described  in  Appendix  HU  must  be  applied  to  both  types  of  spectral 
plots.  The  manner  in  which  the  flyover  tests  were  conducted  produces  some 
uncertainties  with  regard  to  these  corrections.  These  uncertainties  involve 
determination  of  overhead  position  and  propeller  rpm. 

During  the  flyover  tests  no  record  of  altitude  position  as  a  function 
of  flyover  time  was  maintained.  The  overhead  position  was  estimated  from 
peak  flyover  noise  ard  the  point  of  inflection  in  the  doppler  shift  of  certain 
discrete  frequencies.  If  errors  are  made  in  determination  of  overhead  position, 
significant  shifts  in  related  estimates  of  reinforcement  and  cancellation 
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frequencies  due  to  the  occurrence  of  ground  reflections  cun  produce  sig¬ 
nificant  inaccuracies  in  the  applded  corr^  ctions.  Since  the  doppler  shift  in 
emitted  frequencies  is  also  related  to  aircraft  position,  uncertainties  in 
estimating  aircraft  position  can  introduce  errors  in  estimating  the  doppler 
effects. 


Propeller  rpm  vas  controlled  and  monitored  in  the  aircraft  cockpit 
and  a  degree  of  variability  vas  inherent  in  each  test.  The  emitted  frequencies 
of  propeller  rotational,  noise  harmonics  are  directly  related  to  rpm;  therefore, 
errors  in  estimating  rpm  can  produce  errors  in  applied  corrections.  Thus, 
uncertainties  in  estimating  aircraft  position,  doppler  shift,  and  propeller 
rpm  produces  potential  errors  in  knowing  the  actual  frequencies  of  propeller 
rotational  noise  harmonics. 

Figure  7  is  a  correction  chart  for  removing  the  effects  of  ground 
reflections  when  the  aircraft  is  in  the  overhead  position.  The  range  of  fre¬ 
quencies  for  the  first  three  harmonics  of  three  blade  propellers,  where  rpm 
variation  was  possible,  is  shown.  For  the  six  blade  propeller  the  frequencies 
of  the  first  two  harmonics  are  also  shown.  The  substantial  corrections  required 
at  the  cancellation  frequencies  yields  some  insight  into  the  magnitudes  of 
potential  errors  that  can  result  from  such  corrections  to  narrow  band  plots. 

The  uncertainties  described  above  n»y  introduce  errors  of  two  or  three 
Hz  in  determining  the  harmonic  frequencies.  Such  errors  will  have  minor  impact 
on  corrections  in  the  level  of  the  fundamental  rotational  noise  harmonic  fre¬ 
quency  for  the  three  blade  propellers.  The  slope  of  the  correction  curve  is 
rather  gentle  in  the  indicated  range  and  errors  less  than  one  dB  in  level  can 
be  expected.  However,  this  is  not  the  case  for  the  second  harmonic.  This  rota¬ 
tional  noise  harmonic  frequency  exists  in  the  region  near  the  first  destructive 
ground  reflection  where  the  slope  is  maximum.  In  this  case  a  small  error  of 
two  or  three  Hz  in  estimated  frequency  can  result  in  an  error  of  several  dS  in 
the  corrected  level.  The  potential  error  in  correcting  the  third  harmonic  for 
the  three  blade  propellers  lies  between  these  extremes.  At  lower  frequencies 
the  potential  error  is  large,  but  is  smaller  at  the  higher  frequencies  in  the 
indicated  range  of  the  potential  error.  For  the  six  blade  propeller  the  poten¬ 
tial  error  in  correcting  the  level  of  the  rotational  noise  fundamental  frequency 
Is  large  while  that  of  the  second  harmonic  is  small. 

In  producing  corrected  narrow  band  plots  for  determination  of  absolute 
and/or  relative  levels  of  propeller  rotational  noise  harmonics  in  this  study, 
data  from  at  least  three  flyover  runs  were  averaged.  This  procedure  minimized 
the  potential  errors  discussed  above.  However,  it  must  be  concluded  that  best 
experimental  data  quality  exists  for  the  fundamental  rotational  noise  frequency 
of  the  three  blade  propeller  where  minimum  correction  is  required.  Fortunately, 
the  corrections  developed  during  this  study  for  both  higher  harmonics  of  rota¬ 
tional  noise  and  vortex  noise  are  related  to  levels  of  the  fundamental  rotational 
noise  frequency.  In  spite  of  the  potential  errors  in  correcting  the  rotational 
noise  harmonic  levels,  the  resulting  trends  for  rotational  noise  based  on  narrow 
band  plots  are  consistent  and  data  are  judged  to  be  of  sufficient  quality  to 
produce  reliable  results.  An  example  of  the  noise  trends  based  on  corrected 
rotational  noise  levels  is  shown  in  Figure  8. 
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The  uncertainties  in  uircruft  position  and  propeller,  rpms  arc  less  of 
a  problem  in  correcting  one -third  octave  band  plotc  for  ground  reflection  and 
doppler  shift  phenomena  due,  primarily,  to  the  wider  bandwidth  of  the  one- 
third  octave  filter  compared  to  that  of  the  narrow  bandwidth  analysis.  Con¬ 
sequently,  only  minor  errors  in  frequency  are  observed  in  these  plots;  how¬ 
ever,  broad  dips  in  the  continuous  broadband  spectra  can  be  observed  in  the 
plots  near  the  estimated  destructive  frequencies  and  presumably  peak  levels 
arc  influenced  at  constructive  frequencies.  Applied  corrections  smooth  out 
the  one-tliird  octave  band  spectra  but  make  identification  of  the  exact 
frequency  for  peak  levels  uncertain.  Thus,  although  the  levels  of  measured 
broadband  noise  attributed  to  propeller  vortex  noise  are  considered  of  suf¬ 
ficient  quality  for  the  purpose  of  this  study,  they  are  not  of  sufficient 
quality  to  delineate  trends  in  spectral  shifts  due  to  the  conventional 
"Strouhal"  shifts  as  propeller  tip  speed  changes.  This  factor  is  considered 
of  minor  importance  in  the  overall  quality  of  the  experimental  data, 

4 .  SUMMARY 

The  conclusion  is  that  the  quality  of  the  corrected  data  from  the  fly¬ 
over  experiments  with  the  YO-3A  aircraft  is  adequate  for  the  development  of 
empirical  conditions  to  the  Air  Force  computer  program  for  prediction  of 
propeller  noise. 


SECTION  III 


AIR  FORCE  moiELIER  NOISE  COMPUTER  PROGRAM 


The  Air  Force  Prope Her  Noise  Computer  Program  was  developed  t>y  Hamilton- 
Standard  under  contract  to  AFAPL  and  was  reported  in  references  7  and  8 
Tlii;  program  predicts  near  and  far  field  propeller  noise  for  low  tip  speed 
propellers,  and,  in  addition,  predicts  aural  detection  range  for  assumed 
ambient  background  noise  and  atmospheric  conditions.  Of  interest  to  the 
present  study  are  the  methods  for  predicting  far  field  noise.  These  methods 
have  been  shown  to  be  inaccurate  by  comparison  of  predicted  propeller  noise 
of  quiet  aircraft  with  measured  field  test  data. 

Specifically,  the  program  predicts  far  field  noire  for  both  rotational 
and  vortex  components  of  low  tip  speed  propellers.  The  rotational  noise  is 
divided  into  predictions  of  harmonic  loading  noise  and  thickness  noise.  These 
predictions  are  based  on  from  parametric  inputs  such  as  propeller  diameter, 
planform,  number  of  blade?,  activity  factor,  thrust  and  aircraft  velocity  and 
altitude . 

Farametric  data  from  the  October  1970  YQ-3A  tests  were  supplied  to  the  Air 
Force  by  CAIAC  for  tests  with  the  standard  3  blade,  acoustic  3  blade,  and  the 
standard  6  blade  propellers.  (These  propellers  are  described  in  Appendix  i. 

The  Air  Force  produced  predictions  of  propeller  rotational  noise  and  vortex 
noise  for  the  overhead  position  at  an  altitude  of  125  feet  and  for  the  fore 
and  aft  positions  at  +k5  degrees. 
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SECTION  rv 


COMPARISON  OF  MEASURED  AND  PREDICTED  NOISE 


The  noise  measured  during  the  flyover  tests  with  the  variable  pitch  pro¬ 
pellers  proved  to  be  most  useful  for  making  comparisons  of  measured  and  pre¬ 
dicted  noise.  With  these  propellers,  rpm  (tip  speed)  was  varied  while  holding 
thrust  constant.  Specifically,  the  parameters  for  these  experiments  were  as 
follows: 

Aircraft:  1O-3A  Observation  Aircraft  with  standard  3  blade  propeller 

Aircraft  Altitude :  125  Feet 

Aircraft  Velocity:  125  Feet- /Second 

Propeller  RPM:  1*20  to  8*40 

Propeller  Helical  Tip  Speed:  Mach  O.195  to  0.3*45 

Thrust:  220  Pounds 

The  aircraft  flying  with  the  acoustic  3  blade  propeller  was  tested  over  an  rpm 
range  from  660  to  780  while  the  fixed  pitch  standard  6  blade  propeller  was 
tested  at  630  rpm  which  yielded  the  same  220  pounds  of  thrust.  This  series  of 
tests  provided  noise  data  reflecting  variation  in  propeller  configuration, 
design  and  rpm  (tip  speed).  Thus,  measured,  and  predicted  results  can  be  com¬ 
pared  on  the  basis  of  absolute  noise  level,  noise  trends  with  tip  speed,  and, 
to  some  extent,  propeller  design  parameters, 

1 .  ROTATIONAL  NOISE 

Figure  9  is  a  comparison  of  the  measured  levels  of  the  first  three  pro¬ 
peller  rotational  noise  harmonics  for  the  standard  3  blade  propeller.  In  this 
figure  sound  is  plotted  against  propeller  tip  speed.  .Propeller  thrust,  air¬ 
craft  altitude  and  aircraft  velocity  are  held  constant.  Measured  levels  and 
trends  are  shown  to  be  in  serious  disagreement  with  predictions  of  the  Air 
Force  computer  program. 

The  minimum  levels  of  all  three  harmonics,  for  this  propeller,  occurs  near 
a  helical  tip  speed  of  approximately  Mach  0.3.  For  higher  or  lower  tip  speeds 
the  noise  levels  increase  -  Thus .  n  "bucket"  is  formed  in  the  noise  level  vs. 
tip  speed  curve.  Relative  levels  between  harmonics  remain  approximately  constant. 
To  our  knowledge,  such  bucket  trends  have  not  been  previously  obtained  for  this 
type  of  propeller  noise.  These  trends  were  first  observed  in  data  from  the 
October  1970  tests,  and  have  been  referred  to  as  the  "Quiet  Airplane  Paradox." 

Predicted  noise  levels  do  not  show  this  bucket  trend  but  rather  show  con¬ 
stantly  decreasing  levels  with  decreasing  propeller  tip  speed.  Since  the 
measured  and  predicted  trends  are  different,  a  major  modification  of  the  Air 
Force  computer  program,  based  on  a  common  paran^ter  that  predicts  the 
minimum  levels,  is  required. 
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Comparison  of  the  measured  and  predicted  rotational  noise  levels  in 
Figure  9  shows  that  the  predicted  fundamental  is  several  dB  "below  the  measured 
levels,  the  second  harmonic  is  within  a  few  dB  and  the  third  harmonld  is  sev¬ 
eral  dB  above  the  measured  levels.  Therefore,  the  modifications  to  the  Air 
Force  computer  program  must  correct  the  absolute  levelB  as  well  as  the  trends. 

Figure  10  is  a  similar  comparison  of  measured  and  predicted  propeller 
rotational  noise  for  the  acoustic  3  blade  propeller.  The  discrepancies  shown 
are  similar  to  those  for  the  standard  3  blade  propeller,  but  differ  in  magni¬ 
tude.  The  modifications  to  the  Air  Force  computer  program  mast,  therefore, 
account  for  these  differences  in  magnitude  as  well  as  the  bucket  trend  on  the 
basis  of  differences  in  propeller  configuration. 

Figure  11  is  a  comparison  plot  for  the  single  rprc  and  tip  speed  available 
for  the  fixed  pitch  standard  6  blade  propeller.  Discrepancies  in  levels  for 
the  fundamental  rotational  harmonic  and  for  the  second  herwonic  are  similar  to 
those  noted  for  the  standard  3  blade  propeller  at  the  given  tip  speed .  The 
computer  program  modifications  must  also  account  for  these  differences  in 
levels  for  this  propeller. 

Figure  12  is  a  comparison  polar  plot  of  the  measured  and  predicted 
directivities  of  the  fundamental  rotational  noise  frequencies  for  both  the 
standard  3  blade  rnd  acoustic  3  blade  propellers.  It  can  be  concluded  that 
xhe  direct  vity  factor  in  the  Air  Force  computer  program  must  be  modified 
to  provide  more  accurate  results.  The  quality  of  measured  data  for  the 
second  and  third  rotational  noise  harmonics  for  the  three  blade  propellers, 
and  for  any  rotational  noi3e  harmonic  for  the  six  blade  propeller  was  not 
adequate  for  comparison  purposes. 

2-  VORTEX  NOISE 

The  broadband  noise  observed  in  the  acoustic  signature  of  all  propellers 
has  a  common  spectral  shape  and  bandwidth  and  is  assumed,  as  discussed  in  the 
previous  section,  to  be  propeller  vortex  noise.  These  characteristics  are 
illustrated  ir.  Figure  13.  Spectral  characteristics  of  corrected  one-third 
octave  band  paots  did  not  change  appreciably  with  propeller  tip  speed.  This 
plot  shows  the  relative  sound  pressure  level  in  dB  as  a  function  of  one-third 
octave  frequency  band.  These  levels  were  averaged  and  normalized  from  band 
levels  of  corrected  data  over  the  entire  tip  speed  range  for  the  standard  3 
blade  propeller.  Spectral  data  for  the  other  two  propellers  show  essentially 
the  same  characteristics.  In  all  cases,  the  aircraft  was  in  the  overhead 
position. 

Even  though  the  shape  of  the  observed  vortex  noise  spectra  does  not  change 
significantly  over  the  range  of  propeller  tip  speeds  investigated,  spectral 
levels  change  in  a  manner  similar  to  the  levels  of  rotational  noise.  The  levels 
of  the  l6o  Hz  one-third  octave  ban' ;  shown  to  represent  the  spectral  peak  levels 
in  Figure  13,  were  adjusted  for  absolute  level  using  the  standard  3  blade  pro¬ 
peller  shown  in  Figure  It.  A  bucket  shaped  curve  with  the  familiar  trend  ob¬ 
served  foi  rotational  noise  results.  This  trend  suggests  that  vortex  noise 
level  modification  to  the  Air  Force  computer  program  may  include  a  simple 
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relationship  based  on  the  rotational  noise  level.  This  figure  also  compares 
the  measured  vortex  noise  levels  to  predicted  levels  in  this  same  band.  Wide 
disagreement  in  measured  and  predicted  levels  is  shown  for  all  three  vortex 
noise  options.  Data  for  the  acoustic  3  blade  propeller.  Figure  15,  shows 
similar  results. 

To  show  the  wide  disagreement  in  measured  and  predicted  one -third  octave 
band  spectral  characteristics,  Figures  16 ,  17,  and  18  are  presented  for  the 
standard  3  blade,  the  acoustic  3  blade,  and  the  standard  6  blade  propellers, 
respectively.  In  addition  to  Incorrect  levels,  the  Air  Force  computer  program 
does  not  accurately  predict  the.  peak  frequency  of  the  broadband  vortex  noise. 

Figure  17  shows  an  unexpected  and  unexplained  rising  trend  at  the  higher 
frequencies  from  approximately  1000  to  5000  Hz.  The  cause  of  this  high  fre¬ 
quency  noise  is  not  known  but  was  observed  in  all  flights  of  the 
acoustic  3  blade  propeller  installed  on  either  the  Y0-3A  or  Cfc/SIAR  aircraft. 
This  anomalous  noise  trend  was  not  considered  in  development  of  empirical 
modifications  for  the  Air  Force  computer  program. 

3-  SUMMARY 

Comparison  plots  of  measured  and  predicted  noise  levels,  spectra,  and 
directivities  revealed  major  discrepancies  between  these  two  forms  of  data. 
Resolution  of  these  differences  requires  extensive  modification  of  the  Air 
Force  computer  program. 
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SECTION  V 


THEORETICAL  REVIEW 


A  major  effort  in  this  study  was  a  thorough  review  of  the  underlying 
theory  for  the  prediction  of  propeller  noise.  This  review  included  investiga¬ 
tion  of  discrepancies  in  measured  and  predicted  data  and  an  assessment  of 
potential  factors  causing  these  discrepancies.  A  detailed  summary  of  this 
effort  is  given  in  Appendix  IV. 

The  theoretical  review  consists  of  two  parts:  (l)  rotational  noise 
analysis  at  low  tip  speeds  and  (2)  vortex  noise  analysis.  The  major  portion 
of  this  effort  is  directed  toward  the  rotational  noise  for  which  the  "bucket" 
in  the  SPL  curve  vs.  rpm  is  regarded  as  more  baffling  than  for  the  vortex 
noise  case.  1'our  effects  were  considered:  (a)  blade  aerodynamics,  (b)  non- 
uniform  inflow  through  the  propeller,  (c)  ehordwise  blade  loading,  (d)  propel] er 
blade  wake/wing  interaction. 

1.  THEORETICAL  REVIEW  OF  ROTATIONAL  NOISE 


a.  Blade  Aerodynamic  Effects 


It  was  suspected  that  the  propeller  blade  aerodynamic  model  of  Refer¬ 
ence  8  may  be  inadequate  to  predict  thrust  and  torque  distributions  at  low 
tip  speeds  where  the  blade  section  lift  coefficients  must  increase  (inversely 
as  rpm  squared)  to  maintain  a  constant  propeller  thrust.  Simultaneously,  the 
Reynolds  number  based  on  blade  chord  and  relative  velocity  is  decreasing,  which 
leads  to  increased  drag  and  reduced  lift  for  a  given  blade  section  angle  of 
attack.  To  maintain  the  same  blade  lift,  the  blade  angle  oi'  attack  must  be 
increased,  resulting  in  further  increases  in  the  blade  section  drag.  In  an 
aerodynamic  force  system,  the  lift  is  pei-pendicular  to  the  relative  wind 
vector;  therefore,  the  thrust  and  torque  force  per  unit  radius  are  related  to 
the  unit  blade  lift  and  drag  according  to  blade  element  theory  (Reference  ll) 
as  f  o' .lows : 
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where  is  the  blade  advance  angle  defined  by 


tana  =  °° 
av  — 


V  (1  +  usb) 

00 _ _ 

Hr  (l  -  omsb) 


(5) 


where  S2 is  the  propeller  rotational  angular  speed  and  r  is  the  local  propeller 
radius,  V v.  the  forward  speed,  and  usb  and  omsb  are  slipstream  corrections  to 
linear  and  angular  velocity.  Appendix  IV contains  detailed  discussions  of  slip 


36 


stream  effects  using  two  different  approaches. 

As  S2  decreases,  the  advance  angle  increases  for  a  given  forward  speed, 
causing  a  further  reduction  of  thrust  and  an  attendant  increase  in  required 
torque  force.  Likewise,  to  maintain  thrust  at  a  largo  advance  angle,  the  lift, 
on  the  blade  must  be  further  increased  by  means  of  increased  blade  angle  of 
attack,  li  view  of  a  need  to  independently  assess  the  above  factors,  a  general 
aerodynamic  blade  loading  mathematical  model  was  developed,  which  is  capable 
of  matching  any  given  propeller  thrust  with  specified  power  or  blade  efficiency. 


The  results  of  the  aerodynamic  blade  load  study  are  shown  in  Figures 
19  and  2 ?  where  it  is  found,  for  a  given  rpm,  that  predicted  axisymmetric 
rotational  STL,  when  plotted  vs.  propeller  horsepower  is  nearly  a  universal 
curve  for  all  kinds  of  aerodynamic  parameter  variations  (camber  lift,  blade 
angle  of  attack,  friction  drag  level,  etc.).  Figure  21  shows  the  propeller 
power  required  vs,  propeller  efficiency  at  the  required  220  lb.  thrust.  Figure 
22  shows  the  variation  of  predicted  axisymmetric  SPL  with  rpm  at  220  lb.  thrust; 
the  shaded  band  of  the  present  CALAC  axisymmetric  theory  reflects  possible  var¬ 
iations  in  propeller  efficiency  and,  hence,  variations  in  required  horsepower 
at  each  rpm.  The  aerodynamic  blade  load  mathematical  model  used  in  the  present 
prediction  method  for  axisymmetric  acoustic  radiation  produces  essentially  the 
same  rotational  noise  vs-  rpm  trend  (Figure  22)  as  does  the  USAF  Computer 
Program  of  Reference  7  •  The  difference  in  absolute  levels  is  because  Refer¬ 

ence  7  employs  an  empirical  correction  to  the  axisymmetric  theory  which  is  based 
on  static  propeller  noise  test  data.  It  is  noted  in  Appcndixlf  that  numerical 
integration  differences  cause  negligible  errors.  Figure  19  shows  the  envelope 
of  estimated  Y0-3A  propeller  efficiencies  for  three  rpm  values.  A  slight 
bucket  tendency  in  the  SPL  vs.  rpm  curve  (Figure  22)  between  600  and  480  rpm 
might  be  inferred  from  the  efficiency  data  of  Figure  19  if  it  is  assumed  that 
the  propeller  efficiency  at  ^80  rpm  is  near  the  lower  range  of  possible  values. 

The  estimated  propeller  efficiency  for  the  Y0-3A  from  Reference  3  is  somewhat 
in  doubt  at  k8o  rpm;  however,  it  would  appear  to  range  between  ^0$  and  50$. 

Figures  21  and  23  display  the  range  of  predictions,  for  the  Y0-3A  standard  3 
blade  propeller,  of  horsepower  and  efficiency,  as  obtained  from  several  sources: 
the  YG-3A  project  data  (Reference  3  ),  the  USAF  Computer  Program  (Reference  7  ) 
and  the  first  of  present  methods,  wherein  the  induction  efficiency  rjR  was 
parametrically  varied.  The  induction  efficiency  provides,  for  propeller  theory, 
the  counterpart  of  the  induced  drag  associated  with  trailing  vortices  in  the 
theory  of  wings  of  finite  span,  Reference  11.  The  induction  efficiency  is 
further  discussed  in  Appendix  IV.  The  suitability  or  the  choice  of  induction 
efficiencies  in  the  present  theory  is  justified  by  its  usefulness  as  a  para¬ 
meter  in  matching  the  LMSC  Y0-3A  horsepower  and  efficiency  data  of  Reference  3  , 
as  can  be  seen  in  Figures  21  and  23. 

It  is  noted  in  Figure  23  that  the  USAF/ Hamilton  Standard  (Reference  8) 
propeller  efficiencies  are  much  higher  than  the  values  obtained  from  the  Y0-3A 
flight  test  report  (Reference  3  ).  Because  the  induction  efficiency  is  related 
to  the  trailing  vortex  system,  an  approximate  lifting  line  theory  calculation 
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Figure  21.  Propeller  Horsepower  vs.  RR4  for  Various  Induction 
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Figure  23.  Estimated  Net  Propeller  Efficiency  vs.  RIM  for  Various 
Induction  Efficiency  Assvcnptlons  vs.  RIM;  Comparison 
With  Y0-3A.  Data  and  USAF  Calculation 
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(Reference  12)  was  performed,  as  a  second  method  to  provide  an  independent 
check.  This  second  method  uses  an  effective  propeller  blade  aspect  ratio 
concept  (see  Appendix  IV).  The  geometric  aspect  ratio  is  3  which  is,  therefore, 
an  upper  limit  .  The  resulting  propeller  efficiency  at  UOo  rpm  is  plotted  vs. 
effective  aspect  ratio  in  Figure  2h .  The  effective  aspect  ratio  is  determined 
by  an  iterative  downwash  matching  procedure  described  in  Appendix  IV.  It  is 
found  that  the  propeller  blade  effective  aspect  ratio  is  1.7  yielding  a  pro¬ 
peller  efficiency  of  58$  (Table  I). 


TABLE  I 


Fundamental 


Source 

Thrust 

Efficiency 

HP 

Rotational  SPL,  dB 

USAF  (Ref.  7  ) 

220 

76$ 

66 

57* 

YO-3A/IMSC  (Ref.  3  ) 

50% 

100 

62 

Present  Lifting 

Line  Theory 

AR  =  1.7 
e 

59$ 

86 

60 

3-0 

69* 

73 

58 

*Not  including  empirical  corrections  for  static  test  results 


It  is  seen  that  the  present  rotational  SFL  results  are  3  dB  higher  than 
the  USAF  results  on  a  basis  of  HP  (this  comparison  excludes  the  empirical 
corrections  in  the  USAF /Hamilton  standard  method  which  are  included  in  the 
USAF/Hamilton  Standard  data  of  Figure  22 ) .  It  is  noted  from  Table  I  above 
that  since  ARe  must  be  less  than  3,  the  propeller  efficiency  could  not 
exceed  69%.  It  is  noted  that  the  present  lifting  line  results  are  much 
closer  to  the  propeller  efficiency  data  obtained  from  the  Y0-3A  flight  test 
performance  report,  and,  despite  some  uncertainty  about  lifting  line  theory 
for  such  low  aspect  ratios,  it  is  seen  that  even  by  assuming  a  100$  span 
loading  efficiency  (ARe  =  3)  one  predicts  much  lower  efficiency  (69$)  than  is 
calculated  in  the  USAF  computer  program. 

While  the  3  3JB  difference  in  axisymmetric  SPL  is  only  a  small  part  of 
the  empirical  discrepancy,  it  will  be  seen  later  that  the  deterioration  of 
propeller  blade  efficiency  has  a  much  more  significant  role  through  the  en¬ 
hancement  of  the  circumferential  non-uniformity  of  the  blade  loading. 

b.  Blade  Non-Uniform  Inflow  Effects 

The  effects  of  non-uniform  inflow  which  produce  circumferentially  non- 
uniform  loads  are  analysed  in  detail  in  Appendix  IV.  The  basic  causes  are  (l) 
the  velocity  field  induced  by  the  wing  lift  circulatory  flow  producing  both 
upwash  and  backwash  velocity  components,  and  (2)  the  propeller  disc  angle  of 
attack  upwash  component.  These  upwash  and  backwash  velocities,  when  expressed 
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in  cylindrical  coordinates  in  the  propeller  disc  plane,  provide  circumferential 
and  axial  flow  components  which  vary  around  the  circumference  of  the  propeller 
disc.  The  circumferential  changes  of  inflow  velocities  produce  changes  in 
thrust  and  torque  forces,  via  changes  the  dynamic  pressure  (based  on  relative 
"blade  velocity)  and  via  changes  in  the  blade  angle  of  attack.  These  circum¬ 
ferential  changes  in  thrust  and  torque  are  then  expressed  as  a  complex  Fourier 
series  which  allows  use  of  existing  theory  (Morse  and  Ingard  Reference  13)  for 
non-uniform  loading  (NUL)  effects. 

The  basic  results  of  the  inflow  non-uniformity  effects  are  given  in 
Figure  25-  These  are  considered  the  most  important  results  of  the  theoretical 
study.  The  solid  curve  labeled  "present  axisymmetric  theory"  also  includes  an 
improved  chordwise  blade  loading  solidity  factor  to  be  discussed  below.  The 
top  solid  curve  shows  that  the  effect  of  inflow  non-uniformities  on  loading 
produce  a  8  to  1^1  dB  increase  of  absolute  levels,  compared  to  axisymmetric 
theory  and  5  to  6  dB  of  the  "bucket"  noise  level  differential.  The  comparison 
between  experimental  data  and  the  top  dashed  curve  shows  good  agreement.  This 
indicates  that  the  propeller  blade  wake/wing  interaction  effect  which, in  com¬ 
bination  with  the  inflow  non-uniformities,  very  nearly  accounts  for  the  entire 
r,hueket"  in  the  Sit  vs.  rpm  curve  at  constant  thrust  speed  and  at  125  ft. 
altitude.  At  low  rpm,  the  inflow  non-uniformity  (e.g.  "loading  harmonics") 
increases  relative  to  high  rpm  values,  which  explains  most  of  the  measured 
7  dB  increase  above  the  bottom  of  the  "bucket."  As  discussed  in  Appendix  IV 
(Section  2h(3)(a))  non-axisymmetric  radiation  efficiency  increases  greatly 
over  ftxisymmttric  radiation  efficiency  which  is  characterized  by  circumferen¬ 
tial  destructive  interference.  This  leads  mathematically  to  higher  order 
Bessel  functions  "Which  are  small  ir.  magnitude  at  low  tip  Mach  numbers. 

Analysis  of  the  loading  huriiiuuie  data  (s sc  Figure  26  and  27)  which  ms 
used  in  generating  Figure  25  shews  that  the  first  loading  harmonic  (the  co¬ 
efficient  of  sin  <p  1)  is  by  far  the  dominant  term.  Furthermore  as  shown  in 
Figuics  28  througn  30  the  loading  harmonics  increase  with  decreasing  rpm  in 
a  manner  mien  correlates  as  a  function  of  the  blade  lift  coefficient.  This 
correlation  provides  a  rational  basis  for  using  the  blade  lift  coefficient  as 
a  parameter  for  correlating  the  empirical  corrections  to  the  U3AF  computer 
program. 


Figure  31  shows  the  Increment  in  SPL  due  only  to  non-uniform  load  (NUL) 
effects.  This  was  obtained  by  taking  fully  into  account  the  radial  variation 
of  the  loading  harmonics.  Figure  32  shows  the  re  suits  of  an  alternative  approx¬ 
imate  calculation  of  NUL  effects,  obtained  by  calculating  the  first  two  loading 
harmonics  (LH)  at  only  a  single  radial  position,  (r/rt^IH*  found  that  a 

value  of  (r/r-fc)m  of  about  .55  would  nearly  duplicate  res'ilts  which  account  for 
the  radial  variation  of  the  LH.  Figure  33  shows  a  correlation  of  theASPL  due 
to  non-uniform  loading  as  a  function  of  the  first  torque  loading  harmonic,  b  . 
Also  shown  is  a  simple  analytical  approximation  valued  for  small  values  of  V 
■wave  number  times  radius.  The  result  is 
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vs.  Loading  Harmonic  Number,  p 


Y0-3A  STANI&RD  3 -BLADE  TROHCT.T.RR 
D  =  8.33  FT. 

Xy/D  =  1,  Zy/D  =  .214 

oAC  -  2.88°,  V  =  125  FT, /SEC. 

220  LB.  THRUST 

ci#  =  .98 

ARew  =  10  «7 


\v\ 

V*. 


^3 


O 

6 

A 

H 

O 


RPM 

u 

HP 

ARg  u  a 

480 

i  °o 

IA 
l  * 

86 

1.7 

430 

.54 

93 

♦59 

600 

.78 

64 

.80 

720 

.85 

59 

.875 

780 

.84 

595 

.875 

</.A 


,2  .3  .4  .5  .6  .7  .6  #9  1.0 

RADIUS  TRACTION,  R/'RT 

Figure  28.  Radial  Variation  of  the  First  Fourier  Sine  Torque 
Loading  Harmonic  at  various  RPM  and  Propeller 
Efficiency  Conditions 


FEIST  FOURIER  SINE  TORQUE  LOADING 


SYMBOL 


o 

# 


RPM  LOADS 

1480 


480 


L2 

L3 

L2 

1*3 

L2 

L2 


_n _ 

.65 

.53 

.02 

.78 

.85 

.84 


BLARE  LIFT  COEFFICIENT 


Figure  E9.  Correlation  of  First  Torque  Lending  Harmonic  vs. 
Blade  Lift  Coefficient 


49 
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The  Standard  YO-3A  3  Blade  Propeller 


51 


A  FUNI1AMENIAL  ROTATIONAL  NOISE  INCREMENT  DUE  TO  NON -UNIFORM 

LOADING,  DB 


SYMBOL 


20  — , 


15 


10 


o 

A 

□ 


R_m 

J] _ 

LOADS 

480 

•53 

1*3  (High  1  ) 

600 

-78 

L3 

720 

.8? 

12  (Lew  0  ) 

780 

.64 

L2 

F(H)j 

4 80  RPM 

=  F(R) 

;  600  RPM 

NOTE :  2  COMPLEX  LH  ARE 

EVALUATED  AT 
(r/rt)ih  CR  AS  F(R) 


H  LH  =  F(R)  720  ,  780  RPM 


T 
•  3 


Vrt  OA  O'TlAvrT'ADKN  O  T>T  A  TYC1  UOAtCTTPtJ 

JW-*  kJ  4»TU.l  JmK  Ui.  vx*'  J 

D  -  8.33  FT.,  Xvf/D  =  1,  2^/3  =  .21^ 
&  AC  ~  2.88°,  Cj^.  =  .98,  ARgy  =  10.7 


~T 

.4 


T 

.6 


T‘ 

•  7 


“T 

.8 


.2 


.5 


.9 


1.0 


RADIAL  POSITION  FOR  EVALUATION  OF 
LOADING  HARMONICS,  (R/RT)iii 


Figure  32.  Fundamental  Rotational  Noise  Increnent  Due  to  Non-Uniform 
Loading  (NUL)  vs.  Radial  Position  for  LoatUr1*  Harmonic 
Evaluation  at  Various  RIM 


52 


AsEW  ao  1oe 


WT 

*  I  i  so 


kr<<l 


(6) 


(7) 


where,  Y  is  the  altitude,  X  is  the  observer  distance  ahead  of  the  propeller 
disc  plane,  ft  is  the  shaft,  rotation  frequency  (radians /sec.)  a  is  the  speed  of 
sound,  and  k  is  the  wave  number. 

The  above  approximations  will  be  found  very  useful  for  considering 
effects  such  as  changing  the  ratio  of  wing  separation  distance  to  propeller 
diameter,  or  changing  the  propeller  shaft  angle  of  attack.  For  such  para¬ 
metric  studies  one  needs  only  to  calculate  (b-^,)  at  (r/rt)  =  .55  and  determine 
the  A  SPL  due  to  non-uniform  loading  from  Figure  33  or  Equation  6  above . 

c.  Chordwise  Blade  loading  Effects 

In  Appendix 3Y  a  new  solidity  factor  for  blade  loading  is  derived  which 
differs  from,  the  standard  assumption  of  uniform  chordwise  loading  leading  to 
the  solidity  factor  (Equation  IV-5I4) 


SF  = 
o 


b  cos  0, 


si 


(mBb  cos  9i,  \ 


(8) 


This  terra  is  the  leading  factor  in  the  axisymmetric  radiation  equation  (Equation 
5  of  Reference  7  and  Equation  IV- 15  of  Appendix  IV  herein) . 

The  new  solidity  term  pertains  to  the  chordwise  loading  appropriate  to  the 
angle  of  attack  component  or  additional  lift  from  airfoil  theory.  Figure  IV-10 
of  Appendix  IV shows  the  angle  of  attack  chordwise  loading  which  is  expressible 
as  (See  Appendix  IV  Section  2b(3)(c),  Equation  IV-55) 


dc 

dx 


1  =  2  si 


n  a. 


ft—  * 

1  +  x 


(*) 


(9) 


where  (-l£xsl)  defines  the  dimensionless  chordwise  position  on  the  blade, 
referred  to  the  semichord,  with  origin  at  midchord.  Near  the  leading  edge, 
x  =  -1,  the  loading  increases  inversely  as  the  square  root  of  leading  edge 
distance.  This  is  a  consequence  of  well-known  thin  airfoil  theory  assumptions, 
and  the  load  variation  has  been  found  to  be  accurate  experimentally  except 
within  a  distance  from  the  leading  edge  of  about  one  leading  edge  radius .  As 
described  in  Appendix  IV, when  this  loading  is  Fourier  analyzed  employing 
certain  Bessel  function  identities,  one  obtains  a  new  (complex)  solidity 
factor  (see  Equation  IV-59,  IV-60) 
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SF  =  SF  +  jlSF. 
r  i 


(10) 


where 


SF 


SF  -  «• 
i  c 


sr~ —  I SF^  (c  eosty  +  c  sina  )  +  —  (2tt  sin  a,  sin  a  )  (Z)  [ 

V  <pQ  \  o  '  d  av  lo  av  2  b  av  0  'J 

1  { f  5T  ('2'  sln  "o  sin  V'  Ji  (!!)}  Ui) 


<po 


Jq  (z)  and  J  (Z)  are  Bessel  functions  of  the  first  kind  of  orders  zero  and 
one,  respectively,  whose  argument  is 

Z  -  (mBb  cos©b/2r)  ^22) 

Here,  b  cos©^  is  the  blade  chord  projection  on  the  propeller  disc  plane;  r, 
the  local  propeller  radius:  m,  the  harmonic  number;  and  B,  the  number  of  blades. 
The  tangential  force  coefficient  in  the  blade  (Equation  1-34) 


c 

Y?o 


dFy?/  dr ) 

^TpVr^Tb 


d 


cos  a 

av 


+  c. 


(13) 


c  is  the  camber  lift  coefficient  and  is  the  total  section  lift  coefficient. 

lo  1 

One  can  see  that  if  the  angle  of  attack  goes  to  zero  that 


c,  “  c, 


SF  =  SF 
r  o 


:  tt  -*  0 


SPt  =  0 


For  small  values  of  Z  (low  solidity) 

JQ  (Z)  K  1 


t  /  rj  \  e*,  ry  fr -> 

d  \Uj  =  LUJl. 


(14) 


(15) 


The  new  solid" Ly  factor  produces  only  a  minor  increase  in  noise  within  the 
practical  opeiating  regime  for  the  Y0-3A.  In  Appendix  IV, it  is  estimated  not 
to  exceed  1.5  dB;  however,  in  the  major  noise  radiating  region  of  the  pro¬ 
peller  disc  (r/r  >  .5)>  the  local  blade  angles  of  attack  do  not  exceed  7 
degrees.  Therefore,  the  effect  is  probably  less  than  1  dB  in  most  cases. 


55 


A  Minor  Theoretical  Correction  to  the  Axl symmetric  Theory 

The  blade  aerodynamic  parametric  study  was  based  on  the  following  axi symmetric 
radiation  formula  (Equation  18,  page  7,l,t  of  Reference  13;  See  also  Equation  IV -15 
of  Appendix  IV 


-imB  ft  t+i.4>m 
^  a  ), 

p  =  e  pft  I) 

m  - r — 
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/  fsF  |J<M+X/So)  tn  dCX 

hub  W”  \  a  dr  / 

(l+t«\  +  mB  +  n  j 

So  /  l  2/ 


dC  , 


2n  r  dr 


rad 
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In  Reference  7  ,  the  radiation  factor  is  stated  to  be  (see  Equation  TV -15, 
Appendix  IV,  Section  lb(2)  (a),  and  Equation  7  of  Reference  7) 


n. 


rad 


It*  -  UiiRua 

(  2S  1 
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An  independent  derivation  of  this  factor  snows  that  it  should  be  (Equation  IV -2l) 

T] 


rad 


=  |JmB(ar£iinB)  +iIii 1 1 
{  2so2  J ; 

ar^mB  =  (^JU  )  Y/So 


(19) 

(20) 


The  second  and  third  terms  are  minor  corrections  for  source  position  along 
the  propeller  radius  and  in  general  Yr/S  <  <  1  where  Y  Is  the  altitude. 
The  new  theoretical  correction  is  to  change  the  sign  of  the  90  degree  phase 
shifted  term  (i  factor) .  The  qualitative  difference  is  negligible;  however, 
this  is  mentioned,  since  it  was  discovered  as  part  of  the  overall  quest  fer 
significant  errors. 


In  the  present  calculations,  involving  complex  numbers,  the  radial  integrations 
for  T(  al  and  imaginary  parts  were  conducted,  separately  a  id  then  the  vector 
magnitudes  of  the  integrated  far  field  pressures  were  calculated.  According 
to  present  thinking,  the  axisymmetric  theory  for  far  field  noise  should  read 
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where  ('lr,  hp)  are  the  real  and  imaginary  parts  of  h  above  (Equation  20) 

We  remark  that  pm  as  calculated  above  defines  peak  amplitude  and  exceeds  the 
RMS  value  by  the  factor  •/"& . 

d.  Blade  Wake /Wing  Interaction  Effects 

The  effects  of  blade  wake/uing  interaction  are  shown  in  the  top  dashed 
curve  of  Figure  25.  The  explanation  is  detailed  in  Section  lb(3)(b)  of  Appendix 
TV  .  Briefly,  the  propeller  blade/wake  velocity  defect  appears  to  the  wing 
like  a  gust  of  short  wave  length,  setting  up  a  fluctuating  force  on  each  side 
of  the  wing  occurring  at  the  blade  passage  frequency,  with  a  weaker  unsteady 
fo„ce  fluctuation  over  the  entire  wing  at  twice  the  blade  passage  frequency. 

The  radiating  area  is  large,  roughly  equal  to  the  wing  root  chord  times  the 
prop  diameter,  and  is  estimated  to  be  nearly  in  phase  with  the  direct  propeller 
rotational  noise,  since  the  wing  interaction  occurs  at  alioost.  exactly  one 
revolution  after  blade  passage.  Also  the  wing  radiation  efficiency  is  taken 
to  he  that  of  a  point  dipole.  At  low  wave  number,  dipole  efficiency  increases 
with  wave  number  squared,  while  for  an  ax i symmetric  3  bladed  propeller,  radia¬ 
tion  efficiency  is  proportional  to  wave  number  to  the  slxtn  power  for  the 
fundamental  frequency,  thus  being  a  very  inefficient  radiator  at  low  wave 
numbers.  This  weak  efficiency  is  the  result  of  destructive  acoustic  inter¬ 
ference  between  blades  when  the  circumferential  integration  of  the  propeller 
disc  is  carried  out,  leading  mathematically  to  the  Bessel  functions  which 
describe  axisymmetric  propeller  noise  radiation. 

e.  Effects  of  Wing  Separation  and  Airplane  Angle  of  Attack  on  Rotational 
Noise 


mi.  —  -  _  1  J \  j  »  .  .  .w  J  »  1  i 

j-iic  uj.su uss run  ui  tne  nun-uim win  -LUtturiig  eueuta 

pertains  to  a  configuration  where  the  wing  separation  distance  is 


fur  the  Y0-3A 


Xv./D  =  1,  2w/P  =  21k 

where  Xw,  and  Zw  are  respectively  the  streamwise  and  vertical  separation  dis¬ 
tances  between  the  center  of  the  propeller  disc  plane  and  the  quarter  chord 
point  of  the  mean  aerodynamic  chord  of  the  wing  where  the  wring  lift  is  known 
to  act  (Reference  ^2  ).  The  aircraft  propeller  axis  angle  of  attack  is 

estimated  to  be  2,88°  for  the  following  wing  loading  parameters  given  in 
Table  II  (see  also  Appendix  IV,  page  136) 
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TABLE  II 


'V 


Y0-3A  Aerodynamic  Parameters 


Aircraft  Weight 

Wing  Area 

Forward  Speed 

Dynamic  Pressure 

Wing  Lift.  Coefficient,  C, 

%  K  =  % 

Wing  Incidence 
Wing'  Angle  of  Attack 
Propeller  Angle  of  Attack 
Wing  Span 

Effective  Wing  Span 


True  Values  Reference  Values 


3750  lb. 

204  ft2 
125  ft/sec 
18.6  psf 
.985 
.375 

2.5° 

5-30° 

2.88° 

57  feet 

40  feet  (e  =  .7) 


180  ft2 


1.12 

.33 


Later  in  this  report,  propeller  design  charts  will  be  presented  where¬ 
in  the  propeller  diameter  is  changed.  The  design  charts  include  the  empirical 
corrections  for  the  YO-3A  which  implies  a  constant  ratio  of  wing  separation 
distance  to  propeller  diameter,  and  maintenance  of  the  same  propeller  shaft 
angle  of  attack.  It  is  therefore  of  interest  to  examine  the  effect  of  changing 
these  wing  separation  ami  angle  of  attack  factors. 

Figures  35  to  37  present,  as  examples,  the  desired  information  at 
480  rpm.  Figures  34  and  36  display  the  variation  of  the  first  torque  loading 
harmonic,  h.  as  functions,  respectively  of  wing  separation  distance,  and  of 
propeller  shaft  (aircraft)  angle  of  attack,  «ac.  Figures  35  and  37  shew  the 
corresponding  rotational  noise  increments,  ASPLjjuj,,  due  to  non-uniform  loading 
(NUL)  effects,  figures  35  and  37  are  derived  from  Figures  34  and  36  by  means 
of  the  correlation  of  ASPLj^j^  vs.  b-^  shown  earlier  in  Figure  33  and  in 
Equat i on  6 . 

f.  Methods  of  Reducing  Rotational  Noise  for  a  Fixed  Aircraft  Weight 

and  Propeller  Diameter 

From  the  previous  discussion  it  can  be  seen  that  reducing  non-uniform 
loading (NUL) effects  on  the  rotational  noise  at  low  rpm  depends  primarily  on 
two  basic  effects: 

(l)  Reducing  the  upwas’n  and  backwash  at  the  propeller  disc  plane  due 
to  the  wing  lift  circulatory  flow  fields 


I 


i 
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MENTAL  ROTATIONAL  NOISE  INCREMENT  DUE  TO 
NON -UNIFORM  LOADING  (NUL) 


FIRST  FOURIER  SHE  TORQUE  LOADING  HARMONIC 


YO-3A  STANDARD  3  BLADE  PROIELIER 
D  =  8.33  FT.;  XW/D  =  1}  2,W/D  -  *214 
CIK  =  ’98  AR^  =  10.7 

R/RT  =  *75 


480  RFM 
V  =  125  PT/SEC 


UC  EROIELtER  SHAFT  (AIRCRAFT)  ANGIE 
OF  ATTACK,  DEGREES 


T 


Figure  36  -  Effect  of  Propeller  Shaft  (Aircraft)  Angle  of  Attach  on  the 
Firet  Fourier  Sine  Torque  Loading  Harmonic,  b.^,  at  480  RIM 

Evaluated  at  R/RT  =  .75 


ASPIw-.  FU11DAMENTAL  ROTATIONAL  NOISE  INI 
nmr  Tr  TunN_7TWTTnnM  r/^inTwr.  i'wttt. 


m 

« 


5 


aA(}  FRCFELIER  SHAFT  (AIRCRAFT)  ANGIU 
OF  ATTACK,  DEGREES 


Figure  37  -  Fundamental  Rotational  Noise  Increment  Due  to  Ron-Uniform 
Loading  (HUL)  vs.  Proneller  Shaft  (Aircraft)  Argle  of 
Attack  at  480  RIK 
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(2)  Reducing  airplane,  angle  of  attack 

The  reduction  of  the  NUL  effects  caused  by  the  wing  lift  circulatory 
flow  for  a  given  aircraft  weight  and  propeller  diameter  can  be  accomplished 
several  ways : 

•  by  increasing  wing  separation  distance 

•  by  increasing  the  effective  wing  span  either  through  improved 
span  loading  efficiency  or  by  physically  increasing  the  wing  span 

«  by  increasing  the  forward  speed  at  a  given  rpm.  This  also 
reduces  the  blade  angle  of  attack  required  to  develop  a  given 
thrust,  slightly  improving  propeller  efficiency 

Aircraft  weight  balance  and  structural  considerations  limit  the 
potential  for  increasing  wing  separation.  Structural  considerations  generally 
limit  the  achievable  aspect  ratio  on  an  airplane. 

The  reduction  of  aircraft  angle  of  attack  can  be  accomplished  by 
several  means, 

•  by  increase  of  wing  area  to  reduce  wing  lift  coefficient 

•  by  increase  of  wing  incidence  relative  to  the  propeller  shaft 

•  by  use  of  trailing  edge  flaps 

•  by  increase  of  forward  speed 

The  wing  area  sizing  and  incidence  setting  are  fundamental  to  the 
entire  aerodynamic  design;  therefore,  the  possible  changes  are  dependent  on 
the  total  aircraft  mission  requirements.  Trailing  edge  flaps  are  generally 
desirable  from  a  standpoint  of  aircraft  takeoff  and  landing  performance,  and 
coisequantlyjit  would  appear  easy  to  adjust  the  flap  setting  to  give  zero  pro¬ 
peller  axis  angle  of  attack  for  a  given  wing  incidence  and  forward  speed. 

The  effectiveness  of  forward  speed  increases  is  limited  by  the  air¬ 
frame  generated  noise.  Since  the  airframe  generated  noise  follows  a  velocity 
to  the  sixth  power  times  wing  area  law,  a  26 ^  forward  speed  increment  would 
increase  the  airframe  noise  by  6  dB.  Recent  work  by  Healy  (Reference  10 
estimates  ■chat  the  QASRL  for  the  YO-3A  airframe  noise  is  about  5^  dB, 
therefore,  a  6  dB  increase  in  airframe  noise  might  be  permissible  without 
masking  the  propeller  vortex  noise  . 

2 .  THEORETICAL  REVIEW  OF  VORTEX  NOISE 

The  vortex  noise  theoretical  evaluation  is  detailed  in  Appendix  IV,  which 
provides  a  critique  of  the  various  options  of  the  computer  program  of  Refer¬ 
ence  £  ,  AI30  Appendix  IV  provides  a  rationale  for  the  empirical  method 


% 
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finally  adopted  to  correct  the  vortex  noise  predictions  of  Reference  7  ,  namely 
a  procedure  to  relate  vortex  noise. levels  to  rotational  noise.  The  rationale 
states  that  there  exist  random  fluctuating  tangential  force  dipoles 
(having  their  maximum  directivity  in  the  disc  plane)  and  random  fluctuating 
thrust  dipoles  (having  their  maximum  directivity  in  the  thrust  direction). 

It  is  further  argued  that  the  fluctuating  tangential  force  dipolo  (wjiich 
governs  overhead  noise)  can  be  expressed  in  terms  of  fluctuating  lift,  dL/dr , 
fluctuating  drag,  dX/dr,  and  the  advance  angle  o;  according  to 

cl  V 


At  low  rpm,  aav  is  large  and  both  the  fluctuating  lift  and  drag  increase 
with  blade  lift  coefficient,  and  contribute  more  to  the  torque  dipole.  Thus 
from  both  a  directivity  and  an  intensity  standpoint  tne  tangential  force 
governing  overhead  vortex  noise  level  would  be  expected  to  increase  at  low 
rpm. 


It  is  postulated  that  the  fluctuating  tangential  force  is  proportional 
to  steady  tangential  force;  hence,  this  Implies  a  relationship  to  the  fundamen¬ 
tal  rotational  noise  at  overhead. 


There  is  a  further  discussion  of  radiation  efficiency  in  Appendix  IV, 
where,  because  of  the  random  phase  of  the  fluctuating  vortex  dipole  forces, 
one  would  not  expect  the  destructive  acoustic  inter ference  l'ound  in  axi sym¬ 
metric  rotational  noise;  therefore,  the  acoustic  radiation  of  the  separate 


b  la  des  around  the  disc  1: 


the  efficiency  of  a  distribution  of  random  point  dipoles  being  proportional 


to  wave  number  squared.  This  is  in  contrast  to  the  inefficient  (wave  number 
to  the  sixth  power)  radiation  efficiency  of  axisymmetric  propeller  rotational 


noise  for  the  fundamental  tone  of  a  5  bladed  propeller. 


In  conclusion,  the  above  theoretical  discussion  indicates  that  the 
principal  causes  of  the  discrepancy  between  theory  and  measured  data,  both 
for  rotational  noise  and  for  vortex  noise  for  the  Y0-3A  are  strongly  dependent 
on  the  blade  loading  or  lift  coefficient.  Accordingly,  it  seems  reasonable 
to  expect  to  find  an  empirical  correction  which  is  expressable  as  a  function 
of  the  blade  lift  coefficient. 


3 .  SUMMARY 


The  comprehensive  theoretical  study  of  propeller  blade  aerodynamic  loads 
has  been  made  to  discover  if  errors  in  blade  load  predictions  would  explain 
the  "bucket"  in  the  curve  of  rotational  noise  vs.  rpm.  The  results  show 
that  axisymmetric  blade  loading  efficiency  effects  contribute  to, but  are  not 
entirely  responsible  for  the  bucket  phenomena.  Independent  Lockheed  far  field 
rotational  noise  calculations  assuming  axisymmetric  blade  loading  show: 
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•  Trends  of  fundamental  rotational  noise  SPL  vs.  rpm  which  parallel  the 
USAF  computer  program  results  at  a  constant  propeller  thrust. 

•  Rotational  SPL  vs.  propeller  horsepower  tends  to  fall  on  a  single 
curve  at  a  given  rpm,  regardless  of  the  blade  aerodynamic  parameter 
being  varied.  The  Lockheed  calculations  were  adjusted  to  match 
Y0-3A  project  data  for  propeller  performance .  The  blade  aerodynamic 
parameters  being  varied  include  blade  camber,  lift  coefficient,  blade 
pitch  angle,  and  zero  lift  drag  level.  This  model  is  found  to  give 
an  excellent  representation  of  airfoil  section  characteristics,  such 
as  those  of  the  NACA  63  series. 

•  A  large  discrepancy  is  noted  between  propeller  efficiency  data  as 

predicted  by  the  USAF  computer  program  (Reference  8  )  when  compared 

to  Y0-3A  flight  test  performance  data.  An  independent  calculation 
was  made  in  the  present  study  using  lifting  line  theory  which  predicts 
propeller  efficiency  values  closer  to  the  Y0-3A  performance  data. 

These  values  are  much  lower  than  the  USAF  computer  program  values  at 
low  rpm  conditions. 

The  failure  to  entirely  explain  the  SPL  vs.  rpm  "bucket"  by  means  of 
axisymmetric  blade  loading  effects  led  to  a  review  of  the  acoustic  radiation 
theory.  This  theoretical  review  revealed  the  following: 

n  A  minor  correction  to  axisymmetrio.  theory  was  found  for  the  source 
position  term.  This  correction,  however,  has  negligible  effect  on 
the  predicted  noise . 

•  The  evaluation  of  non-uniform  cl  1  endwise  blade  loading  effects  at 
high  angles  of  attack  leads  to  a  new  (complex)  blade  solidity  factor, 
causing  a,  slight  increase  in  the  predicted  rotational  SPL  at  low  rpm 
(less  than  1.5  dB)  for  axisymmetric  blade  loads. 

The  most  likely  explanation  for  the  measured  rotational  noise  level 
increase  and  "bucket"7  in  the  curve  of  SPL  vs.  rpm  arises  from  two  factors: 

•  Circumferentially  non-uniform  blade  loads,  caused  by  inflow  variations 
into  the  propeller  disc  plane — these  variations  yield  a  8  to  1^  <33 
increase  in  rotational  SPL  level  compared  tc  the  standard  axisymmetric 
theory,  and  contribute  about  5  dB  towards  the  bucket  effect. 

•  The  interaction  of  the  propeller  blade  wake  with  the  wing  generates 
fluctuating  lift  forces  on  the  wing.  This  dipole  source  which  produces 
significant  far  field  radiation  is  assumed  to  be  in  phase  with  the 
basic  propeller  rotational  noise.  The  strength  of  the  wing  interaction 
noise  increases  greatly  at  low  rpm  and  high  blade  lift  coefi'icients 
and  radiates  more  efficiently  than  t^e  propeller  blades. 

Two  causes  of  the  circumferential  changes  of  propeller  loading  were  ana.lyzed: 
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0  The  propeller  disc  plane  angle  of  attack  effect  (upwash  effect) 

•  The  induced  upwash  and  backwash  through  the  propeller  disc  plane 
caused  by  the  wing  lift  circulatory  flow. 

The  acoustical  effects  of  circumferential  non -uniformities  in  the  blade 
loading  were  evaluated  by  means  of  deriving  Fourier  coefficients  for  the  blade 
loading  called  loading  harmonics  (lit)  and  applying  a  modification  of  the  theo¬ 
retical  expressions  for  far  field  noise  given  by  Morse  and  Ingard.  Physically, 
the  effect  of  inflow  non-uniformity  of  blade  loading  is  to  eliminate  the  de¬ 
structive  interference  between  the  acoustic  fields  of  individual  blades  which 
is  characteristic  of  ax i symmetric  propeller  noise  theory.  The  decrease  of 
destructive  interference  causes  a  large  increase  in  radiation  efficiency  at 
low  tip  speeds  for  the  non-uniform  loading  case. 

The  above  mentioned  wing  interaction  and  propeller  disc  Inflow  nen- 
uniforrmUy  effects  are  both  airplane  configuration  effects;  however,  the  Y0-3A 
propeller  installation  is  believed  representative  of  a  single  engine  propeller 
aircraft.  Serious  design  limitations  generally  would  prevent  larger  separation 
distances  between  the  wing  and  the  profiler,  which  would  be  one  obvious  approach 
to  eliminating  the  above  effects. 

The  theoretical  studies  of  rotational  noise  indicate  three  possible  paths 
to  reducing  propeller  rotational  noise: 

•  Increasing  the  separation  distance  between  propeller  and  wing. 

•  Decreasing  propeller  shaft  angle  of  attack  at  the  desired  forward 
speed  f'or  quiet  operation. 

•  Decreasing  the  blade  lift  coefficients  by  means  of: 

Increasing  the  number  of  blades 
Increasing  the  propeller  diameter 

The  practicality  of  any  of  these  measures  must  be  carefully  examined  for 
each  airciaft  design,  considerihg  the  total  mission  effectiveness. 

A  review  of  three  vortex  noise  prediction  options  in  the  USAF  computer 
program  revealed  minor  theoretical  inconsistencies,  and  shortcomings  of 
empirical  constants  derived  from  static  propeller  tests.  Also,  it  is  sho\m 
that  one  may  expect  random  fluctuating  torque  and  random  fluctuating  thrust 
forces  which  are  postulated  as  being  proportional  to  the  steady  state  thrust 
and  torque  forces.  This  hypothesis  which  leads  to  a.  rationale  for  empirically 
relating  the  vortex  noise  level  to  the  rotational  noise,  is  shown  to  be  a 
successful  means  for  estimating  propeller  vortex  noise  at  overhead  conditions. 

The  review  of  the  theory  of  rotational  and  vortex  noise  indicates  that 
the  principal  causes  of  discrepancy  between  theory  and  experiment  are  related 
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to  the  blade  lift  coeificient  which  Is  therefore  suggested  as 
parameter  tor  correlation  01  the  empirical  corrections  to  the 
pr  ogram . 


a  significant 
USAF  computer 
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SECTION  VI 


EMPIRICAL  MODIFICATIONS  FOR  AIR  FORCE  COMPUTER  PROGRAM 


This  section  contains  the  empirical  modifications  for  the  Air  Force 
computer  program  that  were  developed  in  this  study  from  flyover  data  acquired 
in  the  October  tests  of  the  Y0-3A  flying  with  the  three  different  propellers. 
These  modifications  included  conecticns  for  predicting  these  noise  character¬ 
istics  : 

•  Absoluts  and  relative  levels  of  rotational  noise  for  fundaiue ntal , 
second  and  third  harmonic  frequencies , 

•  Directivity  of  the  rotational  noise, 

•  Absolute  .levels  of  vortex  noise  in  the  one -third  octave  band  where 
the  maximum  level  occurs, 

•  Spectral  shape  of  the  vortex  noise, 

•  Prediction  of  the  one -third  octave  band  where  the  peak  level  occurs. 

The  quality  of  experimental  data  was  not  good  enough  to  determine  directivity 
of  second  and  thirl  rotational  noise  frequencies  and,  in  the  absence  of  valid 
data,  it  is  suggested  that  directivity  of  fundamental  rotational  noise  fre¬ 
quency  be  used  to  characterize  directivity  of  the  higher  harmonic  frequencies . 
Likewise,  the  directivity  of  the  vortex  noise,  as  determined  by  experimental 
data,  is  in  question  due  to  ground  reflection  effects  near  the  peak  levels. 
There  fore ,  it  is  recommended  that  the  only  changes  j  n  the  computer  generated 
directivity  characteristics  are  those  implicit  in  the  empirical  procedure 
for  correction  of  vortex  noise  at  the  overhead  position. 


1.  PROPELLER  ROTATIONAL  NOISE 

It  is  recommended  that  the  Air  Force  propeller  rotational  noise  predic¬ 
tion  program  be  modified  in  the  fallowing  manner: 


Where ,  DFLT 


SFL  =  SPLT  +  10 
m 


LOG 


x  CHORD 


\C1  REF.  *  CH0RDREFJ 


+  C 


Predicted  Sound  Pressure  jtevel  (dB)  of  Loading  Noise  (ouby)  for 
given  rotational  noise  harmonic 


SPL  Corrected  Sound  Pressure  Level  (dB)  of  Rotational  Noise  Harmonic 
m 

m  =  Harmonic  number 
a  =  Empirical  exponent  =  3-0 
C  =  Empirical  constant 
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C1  REF  X  f  ■'  P-codurt  propejJ.er  lift  coefficient  times  chord 

for  the  three-quarters  propeller  radius  station. 
Reference  values  are  taken  near  minimum  values 
for  measured  data. 

CL  x  CHQRDt,„t,  =  O.I433  (when  chord  is  expressed  in  feet) 

1  KiiF  .  rUsJ;  , 

When, 

m  =  1,  C  =  +l|.0  dB 
11  =  2,  C  =  -1.0  dB 
m  =  3,  C  =  -10.0  dB 

Figures  38,  39 »  and  ^0  illustrate  the  use  of  this  modification  to  the  computer 
program  for  fitting  measured  and  predicted  data  for  the  standard  three  blade, 
acoustic  three  blade,  and  standard  six  blade  propellers.  Figure  Ul  shows  the 
recommended  directivity  for  rotational  noise.  Measured  data  for  the  rotational 
noi ?e  fundamental  frequency  of  the  standard  three  blade  and  acoustic  three 
blade  propellers  are  shown  for  comparison.  This  directivity  pattern  should  be 
substituted  for  the  existing  directivity  pattern  (i.e.,  does  not  modify  existing 
directivity  pattern) . 


2.  FROEEIIER  VORTEX  NOISE 

It  is  recommended  that  the  Air  Force  propeller  vortex  noise  prediction 
program  be  modified  in  the  following  manner: 


SPL  =  SPL„  +  10  LOG, 
VI)  x 


/  °-T>  ) 

\C.75  REF  j 


+  f!_ 
~a 


SPL  =  Sound  Pressure  Level  (dB)  of  Vortex  Noise  in 
Peak  One -Third  Octave  Band 

SPL^  =  Level  of  Fundamental  Rotational  Noise  (i.e., 
M  -  l)  Frequency  Predicted  by  Modified  Air 
Force  Computer  Program 


'.75 


Chord  of  Propeller  at  0.75  Radius 


C  ^  =  Chord  of  Reference  (i.e.,  Standard  3  Blade 

Propeller  at  0.75  Radius)  Propeller 

=  1.0  foot 


C  =  Empirical  Constant 

.D 


B  =  Number  of  Propeller  Blades 
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Figure  39.  Comparisons  of  Measured  Rotational  False  with  Predictions 
of  Original  and  Modified  Air  Force  Computer  Program 
(Acoustic  3  Blade  Propeller) 
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Figure  40.  CojnparieonB  of  Measured  Rotational  Hoise  with  Predictions 
of  Original  and  Modified  Air  Force  Computer  Program 
(Standard  6  Blade  Propeller) 


- - s 


Cg  =  -l6.0  dB 

C3  =  -13.7  dB 

C,  =  -^D.5  dB 
4 

=  -8.0  dB 
C6  -  -5.3  dB 

Figures  42  and  43  illustrate  the  use  of  this  modification  to  the  computer 
program  for  fitting  measured  and  predicted  data  for  the  standard  three  blade 
and  acoustic  three  blade  propellers,  respectively . 

3 .  SUMMARY 

Figures  38  through  43  are  comparison  charts  of  measured  and  predicted 
noise  using  the  original  Air  Force  computer  program  and  the  modified  program. 
The  degree  of  change  in  predicted  noise  and  the  improved  f.  ccuracy  of  the 
noise  prediction  can  be  observed  in  these  charus.  Figure  13  in  the  previous 
section  shows  the  recommended  spectral  characteristics  for  broadband  vortex 
noise . 

These  modifications  change  the  levels,  spectra,  and  directivities  of  the 
predicted  noise  in  a  manner  that  provides  good  agreement  for  the  standard 
three  blade  propeller  and  acceptable  agreement  for  the  acoustic  three  blade 
and  standard  six  blade  propeller. 
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SUCTION  VII 


DESIGN  CHANTS  FOR  LOW  TIP  SFEED  PRQHILISRS 


Design  charts  for  low  tip  speed,  propellers  that  can  he  used  in  the  design 
of  future  propeller  driven  quiet  aircraft  are  presented  in  this  section.  The se 
charts  were  constructed  from  noise  predictions  made  by  the  Air  Force  using  the 
modified  Air  Force  computer  program.  Input  data  on  propeller  configuration 
and  operation  were  supplied  by  CALAC.  An  aircraft  configuration  similar  to  the 
Y0-3A  was  assumed.  Input  data  were  as  follows: 

Propeller  Blade  Configuration:  Same  as  standard  3  blade  propeller  used 

on  Y0-3A  scaled  to  size 

Diameter:  8,  10,  and  12  feet  Forward  Flight  Speed:  125  ft/sec 

Number  of  Blades:  2,  3?  and  6 

Thrust:  100,  200,  300,  400,  and  500  pounds 

Helical  Tip  Speed:  0.2  to  0.4  Mach 

The  modified  Air  Force  computer  program  provided  predictions  of  one  third 
octave  band  levels  for  both  rotational  and  vertex  noise  for  the  overhead  posi¬ 
tion  at  an  altitude  of  125  feet.  From  these  levels  Overall  Sound  Pressure  Level 
(OISPL)  was  computed.  Aural  Detection  Ranges  (ADR)  were  also  predicted  for  the 
various  propellers  and  operating  conditions  assuming  the  atmospheric  and  ambient 
background  noise  conditions  staled  in  Reference  7  (Daytime  Jungle). 

In  the  design  charts  OASPL  and  ADR  are  shown  as  functions  of  the  several 
variables.  It  should  be  noted  that  ADR  is  dependent  upon  spectral  content  and 
shape  as  well  as  noise  level.  For  this  reason,  the  trends  shown  in  QA.SPL  and 
ADR  charts  are  usually  not  identical.  The  assumption  is  made  in  all  cases,  of 
course,  that  the  propeller  is  the  predominant  noise  source.  The  intended  use 
of  these  design  charts  is  discussed  below  and  the  information  on  the  general 
subject  of  aural  detection  of  quiet  aircraft,  based  on  several  years  of  ex¬ 
perience  involving  such  aircraft,  is  also  presented. 

1.  USE  OF  DESIGN  CHARTS 

The  purpose  of  the  low  tip  speed  propeller  design  charts  is  to  support 
conceptual  and  preliminary  design  of  propeller  driven  quiet  aircraft  that  re¬ 
quire  thrust  levels  from  100  to  5°0  pounds.  Such  aircraft  are  assumed  to  re¬ 
quire  propeller  tip  speeds  in  the  range  from  Mach  0.2  to  0.4  where  design 
information  has  not  previously  been  available.  While  the  charts  presented  in 
this  section  arc  considered  adequate  for  these  initial  design  studies,  it 
must  be  emphasized  that  any  final  detailed  design  should  include  more  extensive 
work  involving  the  impact  of  aircraft  configuration.  Theoretical  results  show 
that  the  position  of  the  wing  relative  to  the  propeller,  for  example,  can  in¬ 
fluence  the  levels  of  propeller  noise.  Therefore,  in  detailed  design  studies 
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the  modified  Air  Force  computer  program  should  he  used  to  predict  propeller 
noise  of  specific  designs,  and  these  results  should  he  adjusted  for  impact  of 
aircraft  configuration  as  discussed  above  in  Section  V, 

The  design  charts  presented  below  are  intended  to  provide  the  capability 
to  involve  acoustic  noise  criteria  in  the  important  initial  trade  off  studies 
with  other  performance  requirements  in  the  concept  and  preliminary  design  stage. 
Examples  of  such  application  are  given  below  for  each  of  the  types  of  charts. 

a.  Figure  44  .  -  This  series  of  charts  shows  the  minimum  QASPL  and  ADR 
that  can  be  achieved  with  propeller  driven  aircraft.  In  the  course 
of  this  study  it  has  been  demonstrated  that  minimum  noise  is  not 
necessarily  produced  at  minimum  propeller  tip  speed.  For  these  charts 
the  optimum  propeller  tip  speed  to  achieve  minimum  noise  is  assumed. 

In  general,  these  charts  show  the  minimum  acoustic  noise  goals  that 
are  rec  stic  for  aircraft  requiring  a  given  thrust  and  are  constrained 
by  prop.. xler  diameter  and  number  of  blades. 

b.  Figures  45  through  4  ? .  -  This  series  of  charts  show  the  effects  of 
propeller  helical  tip  speed  and  indicate  the  tip  speed  required  to 
achieve  the  acoustic  goals  with  given  propeller  diameters.  A  factor 
of  prime  importance  in  any  quiet  aircraft  design  is  the  amount  of 
speed  reduction  required  between  the  engine  and  propeller.  Both  size 
and  weight  penalties  for  the  speed  reduction  system  are  involved. 

These  charts  show  the  tip  speed,  which  defines  speed  reduction  re¬ 
quired  for  a  given  engine  that  is  dictated  by  acoustic  criteria. 

They  also  show  the  acoustic  penalty  in  terms  of  OASPL  and  ADR  if 
compromises  must  be  made  to  satisfy  other  requirements.  These  charts 
are  convenient  to  use  when  propeller  diameter  is  established  and 
cannot  be  changed. 

c.  Figures  48  through  50.  -  These  charts  are  similar  to  those  discussed 
above  but  are  plotted  in  a  format  that  is  convenient  when  an  aircraft 
of  given  thrust  is  under  consideration. 

These  design  charts  for  low  tip  speed  propellers  should  estimate  the  OASFL 
measured  in  flyover  tests  at  altitudes  of  125  feet  with  acceptable  accuracy. 
Likewise ,  the  relative  noise  levels  predicted  for  competing  designs  should  provide 
useful  quantitative  information  for  trade  off  studies.  However,  experience 
has  shown  that  re'  .istic  predictions  or  measurements  of  aural  detection  distances 
are  difficult  end  often  contradictary .  In  the  light  of  this  experience  the 
following  discussion  is  presented. 

Z.  AURAL  DETECTION  RANGE 

As  noted  at  the  beginning  of  this  report,  the  objective  of  development  of 
quiet  aircraft  is  to  operate  covertly  at  night  over  enemy  territory.  The  low 
acoustic  noise  signature  of  such  airplanes  is  the  means  of  avoiding  aural 
detection  by  observers  on  the  ground.  Thus  to  evaluate  performance  of  quiet 
aircraft  designs  it  is  important  to  have  some  realistic  estimate  of  ADR. 

Experience  has  shown  that  such  an  estimate  is  difficult  to  obtain.  Actually 
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this  range  problem  is  fairly  common  and  occurs  in  other  systems  such  as  those 
using  radar  or  seismic  techniques,  but  in  the  problem  of  determination  of  ADR 
of  quiet  airplanes  difficulties  of  evaluating  human  response  are  added. 

In  general,  the  airplane  emits  an  acoustic  noise  whoso  noise  levels, 
spectra,  and  directivity  can  be  measured .  Experience  with  the  YO-3A  showed 
tilt  this  noise  signature  was  fairly'  constant  for  well  maintained  airplanes. 

This  noire  is  attentuat.ed  in  the  atmosphere  while  being  radiated  from  the  air 
to  the  ground.  Experience  shows  that  tne  attenuation  factor  varies  a  great 
deal  and  is  most  difficult  to  evaluate.  Standard  tables  for  atmospheric 
attenuation  of  sound  is  a  gross  assumption  usually  made  that  is  not  often 
representative  of  actual  conditions.  ! i rally  the  observer  on  the  groin  i  mui  „ 
hear  and  recognize  the  noise.  Obviously  the  levels  and  spectra  of  ambient 
background  noise  and  the  masking  effect  of  this  noise  is  a  factor,  but,  tie 
observers  ability  to  hear  and  recognize  the  airplane  noise  3s  also  o  importance. 

In  the  light  of  these  several  factors,  predictions  of  ADR  muiJ  '  - lude 
simplifying  assumptions.  The  method  discussed  in  Reference  7  r.  typica'  of 
such  calculations. 

On  the  quiet  airplane  program  it  was  possible  to  determine  a  practical 
ADR  from  thousanus  of  operational  flights  in  SEA.  In  addition,  raa  y  calcula¬ 
tions  using  conventional  analytical  methods  were  made  for  the  YO-^v  flying  with 
the  different  propellers.  Finally,  in  a  scries  of  field  tests  in  CaJ-fornia 
a  determination  of  ADR  of  the  YC-3A  flying  with  the  standard  six  bla^e  prcoellje' 
was  made.  These  tlU’ee  different  methods  yield  widely  different  determination!: 
of  ADR  that  seems  to  be  yet  another  paradox  in  quiet  airplane  acoustics. 

a.  Actual  Field  Operations 

Even  though  several  Y0-3A  aircraft  operated  in  SEA  for  almost  a  yecr, 
their  use  was  iimited  to  small  land  areas  and  could  not  be  considered  a  typical 
Army  night  operation;  therefore,  ground  obs<  rvers  probably  were  not  alerted  to 
expect  tnese  airplanes.  This  factor  probably  contributed  to  failui 1  cf  many 
people  on  the  ground  to  detect  and  recognize  the  aircraft.  Because  of  the 
filtering  process  of  the  effects  of  atmospheric  attentuation,  hearin.  threshold, 
and  msking,  the  audible  noise  is  usually  limited  to  a  frequency  rargy  between 
about  200  and  700  Hz.  Such  noise  does  not  "sound”  like  a  small  airplane,  or  if 
identified  as  originating  from  above  may  be  mistaken  for  a  high  flying  jet  air¬ 
craft.  (Tne  low  and  slow  quiet  aircraft  has  an  apparent  sound  and  source  tra¬ 
jectory  similar  to  a  high  and  fast  commercial  jet  airplane.)  If  the  observer 
cannot  identify  direction,  he  my  also  think  that  it  is  a  distant  tr  ek  or  tank. 
Another  possibility  is  that  he  knows  there  is  an  aircraft  but  doesn't,  care.  The 
airborne  observer  is  viewing  the  ground  with  a  night  vision  device .  Perhaps  the 
man  on  the  ground  thinks  he  cannot  be  seen  in  the  dark.  On  the  ouher  hand  the 
YO-JA  carried  no  weapons.  Perhaps  the  people  on  the  grotuid  did  not  worry  too 
much  about  being  seen  in  their  normal  operation  when  no  iirmdiate  actbCn  was 
taken  against  them. 

What  ever  the  cause,  the  Y0-3A.  flying  with  both  s  tandard  three  and 
six  blade  propellers  operated  at  night  at  altitudes  of  1500  to  2^00  feet  over 
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SEA.  Most  times  the  actions  of  people  observed  on  the  ground  appeared  normal 
and  they  did  not  seem  aware  of  the  aircraft  overhead .  Thus,  the  average  ADR 
as  determined  in  service  is  considered  to  be  about  2000  feet. 

b.  Typical  Predictions 

Using  the  noise  signature  measured  in  the  standard  1.22  feet  flyover 
tests,  standard  atmospheric  absorption  tables,  and  ambient  background  noise  of 
typical  jungle  conditions  (as  suggested  In  Reference  7)  or  measured  in  the  field 
tests  in  California,  ADR  was  estimated  for  the  YQ-3A  flying  with  all  propellers. 
These  analytical  predictions  produced  estimates  greater  than  those  determined 
In  SEA,  Predictions  of  3000  to  2000  feet  were  common.  An  average  predicted 
ADR  of  IjGOO  feet  can  be  assumed. 

c.  Simulated  Field  Tests 

Prior  to  deployment  of  the  Y0-3A  overseas,  a  series  of  field  tests 
wexe  conducted  in  a  remote  location  in  California.  The  principal  author  of 
this  report  was  pi'esent  at  these  tests  and  it  is  his  subjective  judgement  that 
tfc  8  aircraft  flying  with,  the  standard  six  blade  propeller  can  be  heard  and 
idcT  ified  by  a  ’'cued”  observer  at  distances  of  6C  .0  to  10,000  feet.  In  these 
tes  s  the  ambient  background  noise  may  have  been  somewhat  below  the  levels 
aturlvuted  to  night  jungle  conditions.  However,  the  average  ADR  observed  in 
tie*-  field  tests  must  be  assumed  to  be  about  8000  feet. 

Fbe  conclusion  must  be  drawn  that  allowances  must  be  made  for  a  number  of 
suoj-;  .t  ve  factors  when  considering  aural  detection  range.  For  the  three 
met..,-  s  of  determination  of  ADR  discussed  above,  average  values  of  2000,  U000, 
b  id  i  j00  feet  were  obtained,  respectively.  This  obviously  is  a  geometric  pru- 
gres6-C>n  that  depends  on  method  of  determination. 

Hit  za.1  culated  ADR  values  shown  in  the  design  charts  can  be  used  to 
de  t.  rrmir-i  relative  values  in  design  studies.  But  it  should  be  remembered  that 
L=*  ,r  alti-an.es  may  be  possible  in  service,  and  in  simulated  field  tests 
grt-ter  ADl.'t  may  be  measured. 

3  •  E  IMPIF  IF  ANOMALOUS  PROPAGATION  EFFECTS 

A  3  mentioned  above,  it  is  unlikely  that  the  air  to  ground  propagation 
<fle  te rt ined  fr.x.  standard  atmospheric  tables  is  realistic  for  field  conditions. 

A ..  example  of  *his  is  given  below. 

Figure  5-  is  a  long  time  history  of  a  flyover  conducted  £■':  nr.  altitude  of 
approximately  30lO  feet.  GASPL  and  selected  one  third  oetav  no  .1  love? r  ar 5 
shown  for  a  total  time  period  of  many  seconds.  This  initial  fly  ver  v.’Y  .  Jd 
Y0-3A  using  the  x mdard  six  blade  propeller  seems  typical.  Figure  5? 
tne  one  third  oc  a  e  band  spectrum  for  near  overhead  position.  The  significant 
feature  of  this  s\  drum  is  the  prominence  of  the  fundamental  rotational  noise 
in  the  63  Hz  hand.  Apparently  this  discrete  frequency  that  was  atter>iabed  by 
the  first  det  jructr  ^  ground  reflection  in  lower  altitude  tests  was  not 
attenuated  i: .  f  is  altixude  case.  Perhaps  scattering  of  the  wave  front 

along  this  greater  distance  accounts  for  this. 
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SEA.  Most  tinrs  the  actions  of  people  observed  on  the  ground  appeared  normal 
and  they  did  not  seem  aware  of  the  aircraft  overhead.  Thus,  the  average  ADR 
as  determined  in  service  is  considered  to  be  about  2000  feet, 

b.  Typical  Predictions 

Using  the  noise  signature  measured  in  the  standard  12 5  feet  flyover 
tests,  standard  atmospheric  absorption  tables,  and  ambient  background  noise  of 
typical  jungle  conditions  (as  suggested  in  Reference  7)  or  measured  in  the  field 
tests  in  California,  ADR  was  estimated  for  the  Y0-3&  flying  with  all  propellers. 
Tic se  analytical  predictions  produced  estimates  greater  than  those  determined 
in  SEA.  Predictions  of  3000  to  5000  reet  were  common.  An  average  predicted 
ADR  of  kOOO  feet  can  be  assumed. 

c.  Simulated  Field  Tests 

Prior  to  -eployment  of  the  Y0-3A  overseas,  a  series  of  field  tests 
were  conducted  in  a  remote  location  in  California.  The  principal  author  of 
this  report  was  present  at  these  tests  and  it  is  his  subjective  judgement  that 
this  aircraft  flying  with  the  standard  six  blade  propeller  can  be  heard  and 
identified  by  a  "cued"  observer  at  distances  of  6000  to  10,000  fo^t.  In  these 
tests  the  ambient  background  noise  may  have  been  somewhat  below  the  levels 
attributed  to  night  jungle  conditions.  However,  the  average  ADR  observed  in 
these  field  tests  must  be  assumed  to  be  about  8000  feet. 

The  conclusion  must  be  drawn  that  allowances  must  be  made  for  a  number  of 
subjective  factors  when  considering  aural  detection  range.  For  the  three 
methods  of  determination  of  ADR  discussed  above,  average  values  of  2000,  lOOQ, 
and  8000  feet  were  obtained,  respectively .  This  obviously  is  a  geometric  pro¬ 
gression  that  depends  on  method  of  dete rrainat ion . 

The  calculated  ADR  values  shown  in  the  design  charts  can  be  used  to 
determine  relative  values  in  design  studies.  But  it  shoe.1. d  be  remembered  that 
lower  altitudes  may  be  possible  in  service,  and  in  simulated  field  tests 
greater  ADR's  may  be  measured, 

3.  EXAMPLE  OF  ANOMALOUS  PROPAGATION  EFFECTS 

As  mentioned  above,  it  is  unlikely  that  the  air  to  ground  propagation 
determined  from  standard  atmospheric  tables  is  realistic  for  field  conditions. 
An  example  of  this  is  given  below. 

Figure  51  is  a  long  time  history  of  a  flyover  conducted  at  an  altitude  of 
approximately  3000  feet.  QASPL  and  selected  one  third  octave  r>e  .1  love?  s  av’ 
shown  for  a  total  time  period  of  many  seconds.  This  initial  fly.  ver  v.*-..' k), 
Y0-3A  using  the  standard  six  blade  propeller  seems  typical.  Figure  5?  •  .  ' 

the  one  third  octave  band  spectium  for  near  overhead  position.  The  significant 
leuture  of  this  spectrum  is  the  pi omi nonce  of  the  fundamental  rotational  noise 
in  the  63  Hz  band.  Apparently  this  discrete  frequency  that  was  attenuated  by 
the  first  destructive  ground  rex’lection  in  lower  altitude  tests  was  not 
attenuated  in  this  high  altitude  case.  Perhaps  scattering  of  the  wave  front 
along  this  greater  distance  accounts  for  this. 


AIRCRAFT :  YO-3 k/sVimBL  SDC  HALE  AltfITUrE :  AFPROXDtMELY  3000  FT. 


Figure  51  -  (typical  Long  Time  History  of  High  Altitude  Flyove 


Uo  63  100  1('0  250  Uoo  630  l.OK  1.6k  2.5K 

ONE  THIRD  OCStAVE  BAND  CENTER  FREQUENCY  (Hz) 


AIRCRAFT :  YO-3A/STANOARP  SIX  BIAEE 
ALTITUDE:  APffiOXIMATELy  3000  FEET 
VELOCITY:  125  FEET/SECOND  (7)*  KTS) 
PROPKLIFR  HELICAL  TIP  SPEED:  MACH  O.269 


Figure  52  ••  Typical  One-Third  Octave  Band  Spectra  For 
High  Altitude  Flyover 
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Figure  53  shows  the  same  type  of  long  time  history  taken  about  thirty 
minutes  later.  (Both  flyovers  occurred  in  errly  morning.)  In  this  case  the 
discrete  frequency  rotational  noise  xkmdamcntal  suffers  a  scries  of  depressions 
In  levels  similar  to  "beat"  phenomena.  As  far  as  can  be  determined  source 
levels  did  not  vary.  Average  period  of  these  oscillations  in  level  is  about 
three  seconds.  The  reason  for  these  observed  oscillations  is  not  known. 

Various  assumed  layered  atmo  flier ic  models  have  not  produced  similar  results. 
However,  these  anomalous  oscillations  in  level  arc  observed  often  in  the  field 
and  should  be  accounted  for  in  any  new  prediction  technique  for  ADR. 
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SECTION  VIII 


CONCLUSIONS 


The  following  conclusions  are  drawn  from  the  tasks  performed  in  this 
study  and  described  in  this  report. 

1.  Detailed  analysis  of  noise  data  acquired  from  past  flyover  experiments 
conducted  with  the  YO-3A  aircraft  provided  baseline  information  on  far  field 
radiated  noise  from  three  different  low  tip  speed  propellers  operating  over  a 
wide  variety  of  conditions.  These  data,  when  corrected  for  certain  factors 
related  to  test  conditions,  -were  of  a  suitably  high  quality  in  o 'der  to  yield 
re  ] .tab  le  re  sul  t  s  - 

2.  Evidence  developed  during  +his  study  verifies  that  the  predominant 
noise  in  the  Y0-3A  aircraft  acoustic  noise  signature  originates  from  the  pro¬ 
pel  er . 


3.  Review  of  the  measured  low  tip  speed  propeller  noise  from  the  flyover 
tests  revealed  the  existence  of  unexpected  and  anomalous  ti'ends  and  levels  that 
.re  not  predicted  by  conventional  propeller  noise  generation  theory. 

k.  Discrepancies  between  measured  flyover  propeller  noise  and  predictions 
of  such  noise  made  by  the  Air  Force  computer  program  demonstrate  basic  inaccu¬ 
racies  in  this  noise  prediction  program  and  suggest  inadequacies  in  conventional 
theory. 

5.  Comparison  of  experimental  results  from  static  and  flyover  tests 
demonstrated  that  only  flyover  experimental  data  were  useful  in  development 
of  empiricax  corrections  for  the  Air  Force  computer  program. 

6.  Comparison  of  measured  low  tip  speed  (Mach  0.2  to  O.U)  propeller  fly¬ 
over  noise  with  predictions  made  by  the  modified  Air  Force  computer  program, 
demonstrated  that  the  modified  program  will,  accurately  predict  far  field 
rotational  and  vortex  noise . 

7.  The  comprehensive  theoretical,  study  made  of  propeller  blade  aero¬ 
dynamic  loads  led  to  she  conclusion  that  the  "bucket"  trend  in  the  propeller 
rotational  noise  could  not  be  explained  on  the  basis  of  axisymmetric  blade 
loading. 

6.  Further  review  of  acoustic  radiation  theory  led  to  the  conclusion 
that  non-uniform  chordvrlse  blade  loading  effects  at  high  propeller  angles  of 
attack  contributed,  but  are  ncro  entirely  responsible  for,  the  observed  bucket 
trends . 


9.  Final  review  of  theory  led  to  the  conclusion  that  the  predominant 
cause  of  the  bucket  trends  in  the  observed  rotational  noise  was  caused  by  two 
factors : 


92 


•  Circumferentially  non-uniform  blade  loads  caused  by 
inflow  vt riatioaa  into  the  propeller  disc  plane 

0  Interaction  of  the  propeller  blade  weir  v?th  the  wing 
generating  fluctuating  lift  forces  on  the  wing  causing 
a  significant  dipole  noise  assumed  to  be  in  phase  with 
the  basic  propeller  rotational  noise 

10,  The  theoretical  and  experimental  efforts  led  to  the  conclusion  that, 
in  order  to  account  for  the  aforementioned  bucKet  trends,  the  empirical  rota¬ 
tional  noise  modifications  to  the  Air  Fores  computer  program  should  be  related 
to  the  product  of  propeller  blade  lift  coefficient  and  propeller  chord, 

11,  A  Review  of  the  three  propeller  vortex  noise  prediction  options  in 
the  Air  Force  computer  program  led  to  the  conclusions  that  there  existed: 

•  Minor  theoretical  inconsistencies 

•  Shortcomings  in  empirical  constants  based  on  static  test  results 

12.  Theoretical  analysis  led  tv  the  conclusion  that  random  fluctuating 
torque  and  thrust  forces,  proportional  to  the  steady  state  thrust  and  torque 
forces,  can  be  expected.  It  was  therefore  concluded  that  empirical  modifica¬ 
tions  for  vortex  noise  levels  for  the  Air  Force  computer  program  should  be 
related  to  the  levels  predicted  for  the  propeller  rotational  noise, 

13.  In  general,  it  is  concluded  that  the  modified  Air  Force  computer 
program  resulting  from  this  study  will  predict  far  field  radiated  noise  of 
low  tip  speed  propellers  with  sufficient  accuracy  to  be  useful  in  the  design 
of  propellers  operating  in  the  tip  speed,  range  from  Mach  0.2  to  0 . U . 


SECTION  IX 


EECOMMENDATIONS 


As  s  result  of  the  accomplishments  of  this  study  it  is  recommended  that: 

1.  The  modified  Air  Force  computer  program  and/or  the  design  charts  in 
this  report  be  used  for  development  of  future  propeller  designs  for  quiet  pro¬ 
peller  driven  aircraft . 

2.  Further  theoretical  work  should  be  performed  to  exploit  the  gains 
achieved  in  this  study  toward  a  goal  of  complete  understanding  of  propeller 
noise  generation  and  developirent  of  realistic  theoretical  models  that  explain 
the  observed  far  field  radiated  noise. 

?.  More  experimental  data  should  be  acquired  from  either  full  scale 
flight  tests  or  appropriately  designed  laboratory  tests  to  support  the  theo¬ 
retical  effort  recommended  above. 

1*.  Theoretical  and  experimental  work  should  be  performed  that  will  explain 
the  differences  in  character  between  the  propeller  noise  generated  Jn  flyover 
and  static  ejqxcriments . 
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APPENDIX  I 


AIRCRAFT  DESCRIPTION 


Measured  coustic  noise  data  were  taken  in  past  quiet  aircraft  programs 
at  the  Lockheed  Missiles  and  Spac^  Company  using  two  different  aircraft  and 
three  different  propellers.  Figures  1-1  and  1-2  show,  respectively,  the 
Lockheed  YQ-3A  Military  Observation  Aircraft  and  the  4/ STAR  Research  Aircraft. 
Takeoff  gross  weights  for  these  aircraft  were  approximately  3700  pounds  for 
the  Y0-3A,  and  2600  pounds  for  the  Q/STAR. 

Each  aircraft  was  flown  with  each  of  the  three  different  propellers. 
Figure  1-3  shows  the  standard  3  blade,  constant  speed,  propeller;  Figure  I-l* 
the  standard  6  blade,  fixed  pitch,  propeller;  Figure  1-5  the  acoustic  3  blade, 
constant  speed,  propeller. 

For  static  tests  only  the  Q/STAR  aircraft  with  wing  removed  was  used. 

All  three  propellers  were  used  in  static  testing. 


97 


BLADE;  RADIUS  (INCHES) 


Figure  1-3  Standard  Three  Blade  Propeller 
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BLADE  GEOMETRY 
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NOTE:  NACA  4432  AIRFOIL  SECTION 


Figure  1-5  Acoustiy  3  Blade  Propeller 


102 


/ 


APPENDIX  II 


TEST  AND  ANALYSIS  PROCEDURES 


Most  of  the  aircraft  flyover  runs  used  In  this  program  were  conducted  at 
the  Crow's  Landing  Naval  Air  Station,  California,  at  an  aircraft  altitude  of 
125  feet.  The  acoustic  measuring  station  was  located  in  a  grassy  area  between 
the  existing  runways  and  taxiways  on  the  airport  proper.  The  I24SC  mobile  - 
acoustic  test  support  van  was  the  only  structure  in  the  vicinity  of  the  test 
course . 

The  flight  test  course  was  established  as  shown  in  Figure  II-l.  The  air¬ 
craft  flyover  flight  path  was  arranged  parallel  and  to  the  east  of  the  main 
runway.  The  acoustic  support  van  was  positioned  at  the  edge  of  the  taxiway 
as  far  as  possible  from  the  microphone  location  (a  separation  of  approximately 
^00  feet) . 

The  surveyor's  transit  was  at  the  altitude  measuring  station  located 
1,000  feet  from  the  microphone  station  on  a  line  perpendicular  to  the  flight 
path  as  shown  in  Figure  II-2,  An  altitude  marker  balloon  was  provided  as  a 
guide  for  the  pilot  and  enabled  him  to  fly  consistently  along  the  rather  con¬ 
fined  altitude  corridor.  The  balloon  was  positioned  approximately  60  feet 
east  of  the  flight  path,  or.  the  line-of-sight  of  the  altitude  measuring  transit, 
and  was  tethered  so  as  to  be  125  feet  above  ground  level. 

The  static  tests  were  conducted  in  Sunnyvale,  California  in  a  cultivated 
area  several  hundred  feet  from  any  major  building  at  the  IWf>C  complex.  Figure 
II-3  shows  the  static  test  course  layout. 

Figure  Il-h  shows  the  Lockheed  Rye  Canyon  Research  Laboratory  data  analysis 
instrumentation  used  on  this  program. 
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Figure  II-2  Altitude  Measuring  Station 
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CORRECTIONS  TO  ANALYZED  DATA 


Corrections  must  be  made  to  analyze  data  for  the  effects  of  both  ground 
reflection  and  doppler  frequency  shifts.  These  corrections  are  discussed 
below: 

1.  GROUND  REFLECTION  EFFECTS 

Figure  m-1  illustrates  the  routine  flyover  test  procedure.  The  micro¬ 
phone  at  position  (M)  is  always  at  a  distance  (h)  of  five  (5)  feet  above  the 
ground.  The  aircraft  is  in  straight  and  level  flight  at  a  velocity  (V).  The 
altitude  (A)  above  the  microphone  is  usually  120  feet.  At  a  given  time  (t) 
the  aircraft  is  at  position  (P)  at  a  horizontal  distance  (x)  from  the  overhead 
position  (0). 

A  direct  acoustic  noise  ray  travels  from  the  aircraft  the  distance  (D) 
to  the  microphone.  In  addition,  a  reflected  acoustic  noise  ray  travels  from 
the  aircraft  and  is  reflected  at  the  ground  back  to  the  microphone.  The 
travel  distance  of  this  reflected  ray  is  taken  as  the  distance  (Z)  to  the 
microphone  image  at  position  (M) .  The  angles  (a)  and  (©)  are  defined  as  the 
angles  of  the  direct  and  reflected  rays  with  the  horizontal  flight  path  of 
the  aircraft. 


It  should  be  noted  that  the  origin  of  the  reflected  ray  is  at  a  position 
r lightly  before  position  (P)  since  Z  is  always  greater  than  D  and  arrival 
times  for  both  rays  at  M  are  the  same.  However,  this  factor  is  considered 
negligible  for  purposes  of  this  discussion. 


Dr.  G.  E.  Bowie,  at  Rye  Canyon  Research  Laboratory,  has  conducted  studies 
on  ground  reflections  in  flyover  data.  He  has  xised  the  following  equation  to 
predict  destructive  ground  reflection  frequencies  at  the  overhead  position. 


(2n  +  l)  c 
1  =  Th 


where  c  is  the  velocity  of  sound  and  n  is  an  integer  (i.e.,  0,  1,  2,  3  .  ,  .). 


This  assumes  that  there  is  no  reactive  component  in  the  leflection  co¬ 
efficient  (i.e.,  there  is  no  phase  change  at  the  point  of  reflection).  Under 
most  flyover  conditions  this  equation  predicts  the  destructive  interference 
frequencies  quite  well;  therefore,  it  will  be  assumed  that  the  reflection 
coefficient  is  a  real  number,  (Eg) .  A  more  general  equation  (for  aircraft  in 
any  position  P), 


„  /a  2h 

—  A-  \ 

\sin  6 

sin  a.) 
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AIRCRAFT  FLIGHT  PATH 


FOR  DESTRUCTIVE  INTERFERENCE 
WHEN  A/C  IS  AT  POSITION  0, 

f,  =  (2n  +  1)  c 

d  TuT  — 

WHEN  A/C  IS  AT  ANY  POSITION  P, 

f d  =  (fo  ±  1),  c_ 

a  2Q, 

WHERE, 

q  =  2  -  D 

AND, 

SIN  a  =  A/D,  SIN  G  =  A  +  2h 

Z 


THEN, 


(2n  +  1)  c 
2  /  A  +  2h  ~A  ~  \ 
\  SIN  8  ~  SINa 


A/C  OVERHEAD  POSITION  | 

A/C  AT  ANY  POSITION  ALONG  FLIGHT 
PATH 

MICROHIONE  P06ITI0N 
MICROKONE  IMAGE 
A/C  APTITUDE 
A/C  VELOCITY 

MICROHIONE  HEIGHT  ABOVE  GROUND 
VELOCITY  OF  80UND 
DIRECT  RAY 
REFLECTED.  RAY 


Figure  III  -  1  Point  Source  Model  -  Typical  Flyover 


Is  developed  as  shown  in  the  figure .  For  estimating  constructive  interference 
frequencies  the  term  (2n)  can  be  used  in  place  of  (2n  +  l)  in  either  equation. 


Dr.  Bowie  has  suggested  a  plane  wave  model  be  used  as  illustrated  in 
Figure  HE-2.  The  resulting  equation  for  destructive  interference  frequencies 


4h  sin  a 


is  easier  to  use  and  yields  approximately  the  same  results  as  the  equation 
derived  from  the  point  source  model. 

Using  typical  values  for  altitude  and  velocity  of  the  Y0-3A  aircraft 
standard  flyover  test.  Figure  m-3has  been  constructed.  This  figure  shows 
destructive  ground  reflection  frequencies  as  a  function  of  aircraft  position. 
One -third  octave  band  center  frequencies  are  also  shown.  Of  course,  there  are 
also  constructive  interference  frequencies,  and  degrees  of  reinforcement  and 
cancellation  in  between.  Figure  HI- k  shows  a  simple  model  assuming  a  real 
reflection  coefficient  (R g)  and  develops  equations  for  maximum  and  minimum 
values  of  SPL  is  also  given. 

Figure  It! -5  shows  plots  of  these  parameters  as  functions  of  Rg.  Tills  chart 
is  useful  in  that  SPL  can  be  determined  from  measured  data  from  high  altitude 
flyovers  such  as  shown  in  Figure  HI -6.  Peaks  and  troughs  in  this  narrow  band 
spectrum  are  assumed  to  be  reinforcement  and  cancellation  maximum  and  minimum 
values.  This  interpretation  is  supported  by  the  good  agreement  shown  between 
calculated  destructive  ground  reflection  frequencies  and  the  frequencies  of 
the  troughs . 

Once  SPL  is  determined,  the  chart  in  Figure  IH-5  can  be  used  to  find  Rg. 
Data  from  four  high  altitude  flyovers  were  averaged  to  produce  the  chart  shown 
in  Figure  IIl-7of  Rg  as  a  function  of  frequency.  No  data  is  available  at  low 
frequencies  and  Rg  is  assumed  to  approach  unity.  Values  of  Rg  thus  determined 
can  then  be  used  In  this  equation 

SPL  =  10  log  (l  +  Rg2  +  2Rg  cos  irf/f^) 

to  produce  the  data  correction  chart  shown  in  Figure  II-5* 

This  chart  was  used  uo  correct,  the  analyzed  data  (i.e.,  narrow  band  plots) 
of  flyover  runs  for  production  of  the  plots  of  rotational  propeller  noise  dis¬ 
cussed  in  this  report. 

2.  DOPPLER  SHIFT  EFFECTS 


Figure  m-9illustrates  the  routine  flyover  procedure  at  an  altitude  of 
125  feet.  As  the  aircraft  flies  over  at  this  low  altitude  with  a  velocity  of 
74.3  kts  there  are  obvious  doppler  shifts  in  the  acoustic  noise  signature 
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CJTvOUND 


M  -  laiciophone 

h  -  microphone  lie  Ight  above  ground 
D  =  direct  ray 
R  =  reflected  ray 
y  =  segment  of  reflected  ray 
x  =  segment  o.t  reflected  ray 
VfF  =  plane  wave  front 


For  destructive  interference  for 
<x  =  90  degrees, 

__  j2n>  l}_c 
*d  Hh 

for  others  o' s, 

(2n  +  l)  c 


fd  ~  2Q, 


where. 


Q  =  y  +  X 


x  =  y  cos  p 


then, 


*  y(l  +  cob(i80-2  o) 

=  y(l  -  COs  2  o  ) 

=  y(l  -  cos  a  +  sin  0  ) 

„  .  2 
-  2ysin  o 


_  1 


y  =  h/sin  a 


then, 


Q  =  2h»in  a 


fd  *  (2n  + 

'  k  h  sin  a 


Figure  XU-  <£.  iirne  Wave  Model  -  Typical  Flyover 
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D  =  direct  ray 
R  -■=  reflected  ray 
M  =  microphone 

pd  =  pressure  at  microphone  due 
to  direct  ray 

pr  =  pre  esure  at  microplK>ne  due 
to  reflected  ray 

pt  =  total  pressure  at  microphone 
due  to  hoth  direct  and 
reflected  rays 
SFL  =  Correction  SPL 
=  SEL  (re:  pd) 


Let  Rg  be  the  reflection  coefficient 
such  that, 

Rg  =  Pr  /  Pd 

then,  by  the  law  of  coiines, 

Pt  •  Pd2  +  Pr2  +  2  PdPr  cos  P 

where, 

P  =  phase  angle  between 
P  d  ***  pr 

P  =  it  f/fd 

where  fd  is  the  first  destructive 
interference  frequency.  The  ratio 
of  the  total  pressure  to  the  pressure 
due  to  the  direct  ray  can  be  found, 

2 

=  1  +  Rg  +  2  Rg  cos  p 

where  cosp  =  1,  the  ratio  squared  is 
a  maximum  value , 

2 

-  (i  +  K  f 

and,  when  cosp  =  -1,  the  ratio  squared 
is  a  minimum  value, 

-  &  -  V2 


These  squared  ratios  can.  be  expressed  in  terms  of  Sound  Pressure  Levels, 


SFLweuc  =  20  106  t1  +  Rg)  and  SFLain  *  20  l0e  C1  '  Rg) 

and  the  difference  in  Sound  Pressure  Levels  is, 

A  SPL  -  20  log  [(1  +  Rg)  /  (1  -  Rg)] 

Figure m- 4 .  Ground  Reflection  Equations 
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Figure T]f-5 .  SPL  Value B  vs.  Hg 
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Interference  and  Reinforcement  Observed  in  1000  Feet  Flyover 


Reflection  Coefficient 


FigureEt-7.  Reflection  Coefficient  (B  )  ye.  Frequency 
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Aircraft  Flight  Path  -  Velocity  (V)  P 


where , 


f0  =  emitted  frequency 
v  =  component  of  V  along  sound 
travel  path 

therefore, 

-  «  Tc  +  V  cos  a  1 

1  '  L-^-j — J 

and, 

X 

cos  a  =  j 

x  =  Vt 
where, 

h  =  height  of  aircraft 
x  =  horizontal  distance  of  aircraft  from 
overhead  at  time  (t) 

then, 

(l)  Find,  cos  a  as  function  of  x  and/or  t, 
(?.)  Plot  f  as  function  of  x  and/or  t. 

Figure  IH-9.  Doppler  Shift  Effects 


detected  by  the  observer  on  the  ground.  The se  doppler  shiit  effects  can  be 
predicted  by  the  equations  developed  in  the  figure . 

Figure  IIi-10  shows  the  relationship  of  the  fundamental  rotational  noi.se 
frequency,  doppler  shifted  according  to  aircraft  por-ition,  to  the  one-third 
octave  band  widths,  and  to  the  first  destructive  ground  reflection.  These 
predicted  curves  show,  for  example,  that  the  30  Hz  rotational  noise  fundamental 
frequency  will  switch  from  the  31-5  Hz  one -third  octave  band  to  the  25  Hz  band 
approximately  1.0  second  after  the  aircraft  has  passed  overhead  position.  The 
one -third  octave  band  time  histories  shown  In  Figure  III-ll  verify  this  inter¬ 
pretation. 


Switchover  of  Rotational 

Noise  Fundamental  Frequency  (30  Hz) 


Time  From  Overhead  (Seconds) 


III-ll  Typical  Flyover  Time  History  Showing  Effects 
of  Doppler  Shift 
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SUMMARY  OF  PROPELLER  NOISE/THEORETICAL  STUDIES 
1,  HARMONIC  ROTATIONAL  NOISE 

a.  Purpose 

The  USAF  Hanu.lt on/ Standard  computer  program  (Reference  7  )  under¬ 

predicts  the  harmonic  rotational  noise  of  the  YO-3A,  and  furthermore  fails  to 
detect  the  proper  trend  versus  propeller  rpm  for  the  case  of  measured  flyover 
noise  of  the  Lockheed  YO-3A  quiet  surveillance  aircraft,  equipped  with  variable 
propeller  speed.  In  particular  a  rotational  noise  ’’bucket”  is  found  in  the 
YQ-3A  experimental  data,  when  plotted  vs.  rpm,  which  is  not  predicted  by  the 
standard  axisymmetric  propeller  noise  program  of  References  7  and  8  , 

These  references  are  based  on  earlier  work  of  References  14  and  15  for 

loading  noise  and  Reference  l6  for  thickness  noise.  The  purpose  of  the 
present  study  is  to  explain,  if  possible,  the  sources  of  discrepancy  between 
the  standard  theory  and  experiment . 

b.  Outline  of  Items  Investigated 

(l)  Propeller  Blade  Loading  and  Aerodynamic  Aspects 

(a)  Introduction 

It  was  initially  thought  that  exentsive  blade  aerodynamic  stalling 
and  flow  separation  effects  would  explain  the  large  underpre diction  of  rota¬ 
tional  noise  at  low  rpm.  Therefore,  two  independent  blade  loading  aerodynamic 
prediction  methods  were  developed  at  Lockheed  which  are  capable  of  matching 
any  given  experimental  value  of  thrust,  propeller  efficiency,  propeller  torque, 
and  horsepower  at  any  given  propeller  rpm.  The  first  method  will  he  described 
below;  a  second  method  will  be  described  later.  The  blade  loading  subroutine 
accepts  arbitrary  radial  variations  of  blade  angle,  blade  thickness,  and  chord 
length.  Also,  an  aerodynamic  induction  efficiency  is  also  incorporated  in  the 
input  which  conveniently  accounts  for  the  radial  distribution  of  axial  slip¬ 
stream  velocity  and  imparts  an  angular  velocity  to  the  slipstream,  reducing 
the  effective  relative  angular  velocity  between  the  propeller  and  the  air . 

The  induced  velocity  factors  are  equivalent  to  the  induced  velocity  field 
caused  by  "horseshoe"  vortices  of  classical  finite  span  wing  theory,  leading 
to  "induced  drag"  even  in  the  absence  of  viscosity  effects  (see  Reference  ", 
pages  219-222).  The  second  method  is  based  directly  cn  lifting  line  theory 
for  propeller  blades  of  finite  aspect  ratio. 

(b)  Slipstream  Effects  Estimate 

The  first  method  employs  an  approximate  momentum  theory  solution  for 
the  propeller  slipstream  axial  and  angular  velocity  (Reference  11,  p.  194 
Equation  4„7).  Thus,  if  £2  is  the  blade  angular  velocity  in  1 vd/sec  and 
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the  forward  speed,  then  the  propeller  trailing  vortices  impart  an  interference 
velocity  field  such  that  the  total  axial  velocity  relative  to  the  blade  at  any 
radial  section,  r,  is 


V  =  Vh  +  usb  (r)) 


xo 


(iv-i) 


The  angular  velocity  relative  to  the  blade  is 

ta  =  n  (1  -  omsb  (r))  (TV-2) 

From  Reference  11 

usb(r)  =  a  =  x2  7)a  (l  .  i}ft)/[l  +  x2  (pv-3) 


where 


x  =  LI  r/a 


(IV -4) 


7a  is  the  propeller  inductive  efficiency  (frictionless  case).  The  corresponding 
angular  velocity  is 


omsb(r)  =  a'  =  (l  -  Tlft)/  [l  +  x2qa2]  (IV-5) 


The  advance  angle,  called  a  in  this  work,  is  defined  by 

av 

tan  a  =  V  /V  =  V  far 
av  xo  <po  xo 


(IV -6) 


=  VooC1  4  ^(r)] 
fir  [l  -  omsb(r)] 


Thus,  it  can  be  seen  that  the  advance  angle, CL av,  is  increased  when 
usb  and  omsb  are  increased.  For  high  efficiency  propellers, 17  ,  the  inductive 

efficiency,  is  between  .7  and  unity,  and  therefore  both  usb  and  omsb  increase 
with  decreasing  propeller  inductive  efficiency,  17 &  , 

(c)  Adjustment  of  Thrust  and  Torque  via  Inductive  Efficiency 

An  increase  in  the  advance  angle  causes  a  decrease  in  thrust  and  an 
increase  in  required  propeller  torque  and,  therefore,  a  horsepower  increase. 
Tliis  will  he  shown  below,  but  the  important  point  is  that  the  level  of  thrust 
and  power  can  be  adjusted  to  match  given  experimental  flight  conditions . 

Figure  XV-1  shows  the  blade  element  geometry. 
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Figure  IV-1  Blade  Element  Geometry 


It  is  well  known  in  aerodynamics  that  the  lift  and  drag  forces  are 
defined  perpendicular  to  and  parallel  to,  respectively,  the  relative  wind 
velocity  vector 


V 

r 


1  V 
<P  Vo 


V 

xo 


(rv-7) 


Then  the  thrust  and  torque 


dT 

dr 


forces  per  unit  radial  distance  are 


dFx  dL 


dD 


,  -  ,  cos  a  -  T~  sin  a 

dr  dr  av  dr  av 


dF</>  dD  dL 

—r*-  =  “  cos  a  +  n—  sin  a 
dr  dr  av  dr  av 


(rv-8) 

(IV-9) 


Define  thrust,  torque,  lift  and  drag  coefficients  in  the  usual  manner  based 
on  blade  chord  length  (  b  following  Rei'erence  7  )  and  relative  velocity 

dynamic  pressure 


c  =  (dL/dr )  .  c ,  =  (dD/dr ) 
bqr  ’  bqr 


(rv-io) 


ct  =  (dT/dr)  .  q9  =  (dFy/dr) 
bqr  *  bqr 


qr  =  ipVr" 


V  *  =  V  2 

r  xo 


+  V 


<po 


(17-11) 
( IV -12 ) 


The  torque  and  horsepower  per  unit  radius  are  (in  English  units  of  ft.,  lb.,  sec.) 

§  -  J  ft-lb/ft  (IV-13) 

™  i§>)  f  •  Hp/ft 
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(d)  Blade  Aerodynamics 

The  blade  lift  and  drag  characteristics  (Reference  17  pp.  125-153) 
were  modeled  after  an  NACA  63  series  of  airfoil  sections  with  respect  to  the 
effects  of  variations  of  thickness  to  chord  ratio,  Reynolds  number,  laminar/ 
turbulent  boundary  layer  transition  point,  and  design  lift  coefficient  on  the 
following  characteristics: 

•  Maximum  lift  coefficient 

•  Lift  curve  slope 

•  Zero  lift  drag  coefficient 

•  Variation  of  profile  drag  with  lift  coefficient 


>* 

x 


Figure  IV-2  Laminar/Turbulent  Boundary  Layer  Transition  on  a 
Propeller  Blade 

It  can  be  said  that  the  Lockheed  computer  program  model  realistically 
fits  the  airfoil  section  data  of  AppendixIV  (pp.  449-541)  of  Reference  17 
The  minimum  drag  levels  are  adjustable  to  veil  known  laminar /turbulent  skin 
friction  laws  and  with  an  assumed  laminar /turbulent  transition  point  as  input. 

The  lift  and  drag  coefficients  for  post-stall  were  modeled  such  that 
beyond  C ,  the  lift  coefficient  asymptotically  approached  unity,  while  the 
drag  coefficient  was  modeled  to  increase  with  angle  of  attack  according  to  a 
fourth  degree  poiynomal  in  angle  of  attack.  This  assumption  is  justified  by 
the  fact  that  the  model  seems  to  adequately  represent  KACA  63  airfoil  profile 
drag  versus  lift  data  to  the  highest  available  angles  of  attack.  Usually, 
the  model  would  slightly  overestimate  drag  deta  of  smooth  sections  of  Reference 
17  ;  however  the  drag  level  can  be  adjusted  by  rearward  movement  of  the  assumed 
boundary  layer  transition  point. 

(e)  Conclusions  Regarding  Aerodynamic  Model  Employed 

The  aerodynamic  model  is  flexible  enough  to  represent  almost  any  air¬ 
foil  section  family,  such  as  the  Clark  Y  sections  used  in  the  YO-3A.,  including 
low  Reynolds  number  effects.  Since  the  "propeller  performance  subroutine”  of 
References  7  and  8  is  proprietary,  the  present  mathematical  model  provided 
a  simple  and  convenient  means  of  exploring  possible  sensitivities  of  acoustic 
radiation  to  any  unusual  aerodynamic  blade  loading  characteristics. 
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(2)  Initial  Aerodynamic  Parametric  Effects  on  Par  Field  Noise 
(a)  Far  Field  Radiation  Formula  Employed 

Calculations  have  "been  made  by  the  Air  Force  corresponding  to  most  of 
the  key  flight  test  points  and  provided  to  Lockheed  using  the  computer  program 
of  References  7  and  8  for  axisymmetric  loading. 

The  USAF/AFAPL  calculations  show  generally  that  "loading  noise"  predom¬ 
inates  the  "thickness  noise"  except  for  a  few  cases  on  the  "Acoustic"  3  Blade 
propeller.  Accordingly,  x’or  the  initial  acoustic  studies,  the  far  field 
loading  noise  formula  of  Reference  7  (p.  27,  Equation  5  )  was  programmed. 

This  equation  reads  (for  axisymmetric  blade  loads): 


(rv-i£) 


«J»m  q  (r>m/50)  rmB  ( $  t  Ti  /?- )  ( IV -17 ) 

where  Sq2  =  X2  +  Y2  (1-M2)  (lV~l8) 

m  is  the  harmonic  number,  M  is  the  flight  Mach  No.  M  =  Vm/a 
B  is  the  number  of  blades,  k  =  mBfl/a, 

is  a  Bessel  function  of  the  first  kind  whose  argument  is  kYr/So  of  order 

mB  (etc.) ,dCT/dr,  dCp/dr  are  the  radial  derivative s  of  the  propeller  thrust 
and  horsepower  coefficients  defined  in  the  usual  manner  (Reference  18). 

T  =  (6.61  x  10'7)  p  ")cT  (IV-19) 

BP  =  (2  x  10'11)  PD5  ^Cp  (IV-20) 

(b)  Minor  Theoretical  Corrections  to  Equation 

In  a  subsequent  review  of  the  theory,  it  was  found  that  Equation  IV- 15 
above  is  slightly  in  error.  Based  on  a  subsequent  cneck  re-derivation  from 
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the  basic  Green's  function  for  a  point  dipole  (obtained  by  differentiating  the  | 

Green's  function  for  a  monopolc ,  Reference  13>  p.  742  )  it  was  found  that  1 

the  "radiation  factor"  (the  last  term  of  Equation  IV -15  with  mB  factored  out)  f 

s ho aid  read:  i 

Ve  •  k**  - -W)]  (IV-2l>  i 

The  key  qualitative  difference  is  that  the  corrective  term  for  radial  position 
of  the  source,  r,  which  is  out  of  phase  with  respect  to  the  Jmg  term,  ■ 

should  have  Its  sign  changed.  Since  the  correction  term  is  already  small  ■, 

because  of  the  Yr/So^  factor,  the  resultant  numerical  effect  is  truly  negligible  j 

on  a  decibel  scale,  for  r «  SQ  in  the  far  field,  and  Y = SQ  near  overhead. 

(c)  Results  of  Study  of  Aerodynamic  Blade  Loading  Effects  on 
Far  Field  Radiation  for  Axisymmetric  Blade  Loading 

To  explore  possible  blade  loading  effects  the  following  calculation 
procedxire  was  conducted. 

•  For  each  assumed  propeller  rpm  (for  given  blade  thrust  and  camber) 

the  blade  pitch  angle  was  varied  along  with  the  tfce  propeller  induction  . 

efficiency.  The  following  was  obtained  from  each  such  input: 

•  Integrated  propeller  thrust,  torque,  horsepower,  and  net  aeropro- 
pulsion  efficiency. 

(i  Radial  distribution  of  blade  thrust  and  power  coefficient  gradient. 

The  net  aeroporpulsion  efficiency,  '1  ,  is  defined  as 

n  =  tv*,  /[q(rpm/6o)J  (IV-22) 

For  typical  blade  airfoil  section  drag  characteristics,  the  net  j 

efficiency,  q  ,  is  lower  than  the  induction  efficiency  ha  (see 
Section  (b)  above)  by  7  to  10  percent  and  further  deteriorates 
if  large  blade  angles  of  attack  are  required  to  achieve  a  given 
thrust  level. 

w  The  resulting  thrust,  horsepower,  and  exTiciency  were  plotted 
against  the  Input  blade  angle  or  efficiency  parameter  (whichever  is  being 
varied).  All  solutions  giving  220  pounds  of  thrust  +5  pounds  were  considered 
as  possible  solutions . 

•  Of  those  solutions  yielding  220  pounds  of  thrust,  those  generally  ! 

agreeing  with  the  Y0-3A  propeller  efficiency  values  from  Reference  3  were  ; 

considered  as  further  constraining  the  thrust  solutions.  Furthermore,  the  j 

Y0-3A  project  aerodynamicist  has  provided  limits  on  the  range  of  available 

change  of  the  blade  pitch  angle,  6b,  at  the  75  percent  of  tip  radius  station  ] 

which  was  said  to  vary  between  30  degrees  and  45  degrees  for  the  standard  i 

i 
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throe  blade  Y0-3A  variable  speed  propeller,  for  which  the  most  data  were 
available.  There  were  some  minor  discrepancies  in  the  calculation  constraints 
in  the  sense  that  the  low  propeller  efficiencies  at  the  lowest  propeller  rpm 
values  (according  to  the  U4SC  estimates)  would  seem  to  require  a  propeller 
blade  angle  somewhat  higher  than  ^5  degrees,  according  to  the  present  mathe¬ 
matical  model. 

Figures  19  and  22  summarize  the  initial  Lockheed  results.  Figure  20 
is  the  general  relation  between  propeller  horsepower  and  thrust  for  a  flight 
speed  of  125  ft/sec  (7^.3  knots).  Figure  19  is  a  faired  curve  through  many 
points  representing  fundamental  rotational  noise  versus  horsepower  at  constant 
rpra. 


It  was  found  that  by  whatever  means  a  given  propeller  power  setting 
was  achieved,  the  calculated  values  of  fundamental  SPL  were  found  to  fall  on 
a  single  curve.  To  establish  the  above  curves,  several  parameters  were  varied 
systematically  at  constant  rpm  including: 

e  Variations  of  c^0,  the  blade  lift  coefficient  at  zero  angle  of 

attack  (e.g.  the  camber  lift  coefficient).  This  allows  independent 
changes  of  lift  coefficient  at  a  given  blade  angle  of  attack. 

•  Variations  of  A6 ^ ,  the  incremental  propeller  blade  angle  relative 
to  a  fixed,  built-in  twist  distribution  (duplicating  the  blade 
twist  distribution  used  in  the  USAF  AFPL  calculations  by  the 
method  of  Reference  7). 

0  Variations  of  ba,  the  inductive  propeller  efficiency  (see  Section 
(b)  ).  This  factor  defines  the  slipstream  effects  on  axial  flew 

and  angular  velocity.  Varying  ']  a  changes  the  advance  angle,  °av, 
which  increases  with  decreasing >|a.  This,  in  turn,  decreases 
the  blade  angle  of  attack,  °b  =  ®b  -  aav>  *>or  a  Given  blade  angle, 
Gb  -  6b  twist  ^  +A0b- 

0  Variations  of  x^.,  the  laminar /turbulent  boundary  layer  transition 
point  as  a  fraction  of  the  blade  chord.  This  affects  the  absolute 
level  of  drag  coefficient  and  therefore  the  torque  for  a  given  c^. 

•  It  is  to  be  noted  that  the  Reynolds  number  based  on  blade  chord  and 
relative  velocity  is  not  an  independent  variable,  but  one  which 
changes  automatically,  decreasing  with  decreasing  rpm  since 

=  =  fAo2  +  (+  oras1:))"  (1V-23) 

The.  presently  employed  airfoil  aerodynamic  model  considers  Reynolds 
number  effects  on  n&Xxraum  lift  coefficients,  drag  variation  with 
lift,  and  zero  lift  drag  which  are  typical  of  an  NA.CA  63  series 
airfoil  family  which  is  similar  to  a  Clark  Y  section,  as  mentioned 
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above,  Note  that  the  reduction  or  rpm  lowers  Reynolds  numbers  and  raises 
levels,  especially  at  the  high  Cj  values  foiuid  outside  of  the  laminar  flow 
"drag  bucket  range  of  c-^ . " 

(d)  Conclusions  re:  Blade  Aerodynamic  Effect  on  Par  Field  Noise 


•  Despite  the  rather  different  means  of  achieving  changes  in  propeller 
horsepower  and  efficiency,  the  calculated  fundamental  rotational  SPL  values, 
when  plotted  vs.  horsepower,  fall  on  a  single  curve  for  a  given  rpm  (Figure  19) 

•  Superimposed  on  Figure  19  are  the  propeller  efficienci.es  estimated 
by  1MSC  (Reference  3  ,  Figure  11-10) .  These  efficiencies  indicate  possibly 

a  weak  "bucket"  in  the  SPL  versus  rpm  at  the  required  Y0-3A  value  of  220  pounds 
thrust  (possibly  a  1  to  2  dB  increase  at  180  rpm  relative  to  an  estimated  mini¬ 
mum  at  5^0  rpm) . 

•  Figures  21,  22  and  23  show  crossplots  of  the  horsepower,  SPL 

and  net  propeller  efficiency, q  ,  versus  rpm  at  the  required  22 0  pounds  thrust. 
These  include  a  range  of  values,  independently  computed  by  Lockheed  (using 
the  loading  noise  formula  of  Reference  1  (Equation  17-15  herein)  and  the  above 
described  Lockheed  blade  load  calculation  method).  Also  included  are  (l) 
results  from  the  Hamilton  Standard  method  of  References  7  and  8  provided 
by  the  USAF/AFPL,  and  (2)  the  propeller  efficiency  and  h.p.  estimates  from 
LMSC  (Reference  3  ).  It  is  seen  that  the  present  Lockheed  calculations  show 

lower  absolute  SPL  levels  (by  about  3  to  t  dB)  at  a  given  rpm  but  essentially 
the  same  trend  of  SPL  versus  rpm.  The  USAF  program  includes  empirical  correc¬ 
tions  based  on  static  propeller  tests  (Reference  7  );  this  explains  the 

increase  of  levels  relative  to  ax i symmetric  theory  shown  in  Figure  22. 

•  It  will  be  recalled  from  the  previous  discussion  of  the  empirical 
data  that  the  measured  fundamental  SPL  increased  by  about  7  dB  at  400  rpm, 
relative  to  a  minimum  at  720  rpm.  Therefore,  it  is  concluded  that  any  aero¬ 
dynamic  blade  loading  parametric  variations  which  could  reasonably  be  expected 
(which  also  provide  adequate  thrust  and  simultaneously  match  the  estimated 
propeller  efficiency  and  horsepower  input  limits  for  the  Y0-3A  airplane)  are 
insufficient  to  explain  the  deep  "bucket"  in  the  measured  rotational  noise 

and  t'ne  15  dB  increase  in  absolute  level  at  ^80  rpm  relative  to  USAF/AFPL 
predictions,  or  the  17  dB  level  increment  relative  to  axisymmetric  theory. 


because  oi  me  im 


parameters  to  fully  explain  the  rotational  noise  increase,  it  was  decided  to 
re-examine  the  acoustic  theory  of  propellers  and  to  investigate  other  possible 
acoustic  radiation  mechanisms  which  might  reasonably  be  related  to  the  pro¬ 
peller  rpm. 


•  Some  comments  on  the  numerical  accuracy  of  radial  integration  are 
now  offered.  The  preliminary  calculations  employed  a  5  point  radial  integra¬ 
tion  scheme  with  annuli  separated  by  unequal  A  r  segments  such  that  approximately 
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equal  thrust,  is  generated  in  each  annulus^  Some  calculations  were  conducted 
using  more  integration  points  (up  to  20  radial  points).  More  recent  calcula¬ 
tions  have  employed  7 ,  10  and  15  point  Simpson  rule  integration.  They  all 
tended  to  fall,  on  the  same  curve  (of  SPL  vs.  h.p.)  at  constant  rpm.  Generally, 
the  more  accurate  integrations  have  (a)  slightly  lower  thrust  and  (b)  slightly 
higher  noise  for  a  given  input  of  blade  angle  and  induction  efficiency. 

(3)  Evaluation  of  Other  Acoustic  Radiation  Aspects 

(a)  Propeller  Disc  Inflow  Non-Uniformicy  Effects 
•  Description  of  Non -Uniformity  Sources 


In  the  above  discussion  of  unsteady  blade  force  effects  it  was  mentioned 
that  these  are  related  to  circumferential  non-uniformity  of  the  blade  loads,  and 
these  are  known  to  have  a  powerful  effect,  for  example,  in  the  case  of  helicopter 
rotor  noise  . 

For  the  Y0-3A  aircraft  there  are  two  possible  major  sources  of  circum¬ 
ferential  non-uniformity  of  the  inflow  to  the  propeller: 

•  The  angle  of  attack  component  of  the  .Creestream  velocity  in  the 
plane  of  the  disc  (directed  upward  for  positive  angle  of  attack  of 
the  propeller  axis).  The  fr  estream  velocity  has  the  components 


V  =  £  V  cos  re  +  ft  V 

OO  OO  £-V  °* 


sin  «ac  (IV-24) 


These  components  can  be  resolved  along  the  blade  and  tangentially 
as  follows  (see  sketch): 


t 


\  sin<yac  =  !  V oo  sin  (-cos  t^) 

+  Vqc  sin  «ac  sin  ^  (XV-2?) 


slnaac  FIG.  TV-3  ANGLE  OF  ATTACK  INFLOW  GEOMETRY 

e  A  second  flow  disturbance  occurs  because  the  lift-induced,  circula¬ 
tory  flow  about  the  wing  generates  "upwush"  and  "backwash’'  velocity 
disturbances,  respectively,  perpendicular  to  the  propeller  disc 
plane  and  in  the  disc  plane,  parallel  to  the  vertical  axis. 

For  a  large  aspect  ratio  wing,  such  as  the  YQ-3A,  the  following  simple 
two-dimensional  "bound  vortex"  relation  is  a  good  approximation  for  describing 
the  wing-induced  velocity  at  the  prop  plane  (Xp,  Zp) .  The  backwash  (perpen¬ 
dicular  to  the  disc  plane)  is  given  by 


u  (xP>  zp)  «  .-jyfo  -sJ  - - - 

”  2*  [<*p  +Czp  ] 


(rf-26) 
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'  N 


where  we  eon  set  x^  =  0  without  loss  of  generality,  is  the  average  wing 

hound,  vortex  circulation  per  unit  wing  span.  The  wing  span  ia  denoted  by  1 
(to  avoid  confusion  with  the  blade  chord  notation  for  b):  v 


rw  =  ht 

fwPVoo 


c»5&V<IhpW 

=  CLW  VooSvj/^2^w^ 


(rv-2?) 


For  steady  one  g  flight,  the  L  ,  equals  the  aircraft  weight,  W  .  The 
"upwash"  (in  the  propeller  disc  plane)  is:  ac 


Wiy  ^P,Zp)  “  rw  (XP  _  (jv- 2ft) 

27T  [(Xp  -Xw)^  +  (Zp  -Z w)2] 

*  Preliminary  Remarks  and  Summary  of  Some  of  the  Key 
Results  for  the  Y0-3A  as  Regards  Inflow  Non-Uniformity 

From  Equation  IV -24  and  17-28,  it  is  clear  that  the  upwash  components 
of  the  angle  of  attack  inflow  and  that  of  the  wing  circulation  induced  upwash 
are  additive  if  the  angle  of  attack,  CL  &Q>  of  the  propeller  axis  is  positive. 


In  the  case  of  the  Y0-3A,  it  is  estimated  that  the  propeller  axis 
angle  of  attack  is  2.88  degrees  at  the  wing  lift  coefficient  corresponding 
to  a  forward  speed  of  -  125  ft/sec  (7^-3  Knots),  Therefore,  as  a 

principal  finding  of  this  study,  the  propeller  angle  of  attack  and  wing  up- 
wash  contributions  are  additive  and  the  combined  effect  is  estimated  to  be 
of  the  order  of  8  to  lU  dB  (see  Figure  25  ).  The  effect  on  absolute  level 
of  propeller  angle  of  attack  alone  would  be  of  the  order  of  ^  dB  at  ttac=  +3.3 
degrees  for  ^80  rpm,  decreasing  to  about  2  dB  at  780  rpm.  Thus,  the 
angle  of  attack  effect  alone  might  be  expected  to  contribute  a  1  to  2  dB 
increment  toward  the  measured  15  dB  bucket  increment  at  180  rpm;  however,  the 
combined  effects  of  in  flew  non-uniformity  are  calculated  to  be  about  6  dB  at 
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480  rpm  relative  to  600  rpm  and  increase  of  3  to  l4  dB  in  absolute  level.  As 
shown  in  Figure  25,  the  results  agree  very  well  with  the  experiuiental  data. 

•  Theoretical  Basis  for  Evaluation  of  Non-Uniformity 
Effects  on  Far  Field  Noise 


Non -uniformity  effects  can  be  assessed  by  the  following  equation 
which  is  the  recommended  modification  of  Equation  11,318  of  Reference  13  , 
p,  744,  and  Equation  5,  p.^vof  Reference  7  (Eq.  17-15  in  Sec.  lb(2)(a) 
of  this  report).  For  the  mT"  harmonic, 

-imB  ft  i+i<t>  iu  f  "^P 


-imB  ft  i+i<t>  iu  f 

pm  -  *  J  fsrpispj  / [-C*  »4  n  & 

1*jr  »0  hub  ’  a  dr 


dC 


27rr' 


2  dr 


J  |  JmE>r6UB)(-l)PeXp(-'i,;  (0+-f})j 


-cos  0d 

dM  Vfl 

♦  D  „ 

£Cp 

V  M +v\  5 , 

dr  ) 

>  M=1 

2  it  Td 

dr 

Z  \  mB  I  V 

P=1  '  J 

*(-l)l,exp(li'  (0+  ^))  |  or 

~(&V<p  ^  " 


(IV -29) 

(nr-30) 


Equation  IV-29  emphasizes  the  (nB+  Vj  and  (mB-  V)  dependence  of  the 
radiated  sound  upon  the  loading  harmonics,  V  =  ,+  1,+  2,+  3.  The  mB-2 
terms  are  predominant  as  a  result  of  Bessel  funcl;ion"~*pr  oper tie s  described 
below. 


Equation  17-29  includes  a  change  of  the  solidity  factor  due  to  non- 
uniform  chord-wise  blade  loads  to  be  discussed  below,  but  omits  the  minor 
correction  for  source  position  discussed  previously.  In  the  above  equation, 
r  is  the  local  propeller  radius,  and  the  Bessel  function  argument  is 


argmB~  mkpral-n%  =  mBttrsinfl., 


(I7-33-) 


k^-  BE/a  =  cu  /a 


(3Y-32) 


In  the  present  calculations,  the  directivity  single  is  modified  for  airplane 


angle  of  attack  as  follows: 


where 


0 d  =  aac  +  cos"1  j (M+X/S0) | 


(rv-32) 


x2  +  (l-M2  )V/ 


(1V-33) 


In  the  present  case  the  aircraft  Mach  number  effects  are  negligible, 
as  are  the  contributions  of  the  J^^arg^)  terms.  At  low  tip  Mach  numbers, 

the  Bessel  functions  for  arg^>  1  can  be  approximated,  by 


JnB~p  (argmB} 


(IV~3!0 


The  factors  j3p  and  are  the  non-uniforndtj  (complex)  Fourier  coefficients 
for  thrust  and  torque 


$V~  ^atn'il3tP^2  ’  ft 


(TV-3'5) 


K*  =  1>-+1V)/2'’  Pr*  '  Whlbt,.)/2 

such  that  the  torque  (tangential)  force  per  unit  disc  area  is  described  by 


f<p(rl  ^l)  =  f<p  K^1  (IV- -36)  Ub-4 

O  U=-oo  I 


— i -+• 


l*b>!  ~ 

rr1 

I  > 


td>  ^  =c<t  ^r)i.pvr  ;  °-^ii27r 


Ko  2' 


M  T" 

fJ"T —  j  — 

Udfc —  2flr_ J*** 

*  B 


where  on  the  blade  itself  the  torque  coefficient  le 
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(nr-3<J) 


From  Equation  IV -37  it  is  seen  that 


fpo  ff* 


^  [v*<*  +  C0OA<31'] 


(IT-39) 


where  at  any  (r,  0±)  on  the  propeller  disc 

Q  _  ~pv^  -  V2  =  fV? 
qr  2  r  ’  r  Vxo  0Q 

Vxo  =  V~  (l+^:5b(r))c°S  aac+Uiw(0l) 

=  ~ry  Cre°8  _ 

27r[xu2+(rcos0  -Sw)2| 
u  •• 

V^C^)  -  fir(l-omsb)  -  (Wj+V,,  sin  «ae)  sin^ 


(nr-4o) 


(IV-4l) 


(nr-i»2) 


"  Vv _ 

27T^X^2  +  (rcoe(/>1-  V2] 


Let  o  -  /rcos^-Z^X 


(IV -43) 


'TV-iM 
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v  <  V  -  -  W 


[1+'2] 


-  r„o 


e*  vr  [' 


r  2  4  6 
l~e  +e'-e  +. 


(3V-45) 


Now  in  general,  for  non-uniform  inflow,  including  the  wing  circula¬ 
tion  flow  field  effects,  one  can  define  the  local  advance  angle  as 


“av  <V  ‘  ^  !  “avo^“, 

W 


av( 


where  the  components  of  velocity  relative  to  the  blade  are 


(lV-52) 


V  =  V  +  12,  (0, ) 
x  xo  i_.  1 


V«  ■=  V  *  A  W 


(iv-53) 


Generalizing  from  Eq  (lV-25)  one  obtains 

(0X)  =  -  [Vasina  (0  )]  sln0j_ 

-  L  W  J 


(1V-54) 


where,  \^q  and  V^q  are  given  by  Eqs  (XV-l)  and  (IV-2). 

Prom  basic  trigonometry  relations 

tana  =  tan  (a  +  Aa  )  =J tana,  <■  tanAa 
av  avo  av  1  avo  i 


\~ 


av 


tana  tan  Aa 
avo  av 


(lV-55) 


For  small  values  of  Aa„._,  Eq  IV-55  may  be  expanded,  neglecting  squared 

terms  in  A  a  ,  to  obtain  °'¥ 
av’ 

tana  *  (tana  +  Aa  )(l+tan  a  Aa  ) 
av  avo  °av  '  “avo  u  av 

=  tana  +  Aa  (l+fcan  a  ) 
avo  aav  “avo' 


=  tanVo+  8ec  ^av 

Solving  for  Aa  noting  that  1+  tan^X=sec^X  =  l/cos^X 


(XV-56) 


Aa  =  cos  a  (tana  -  tana  ) 
u  av  avo '  av  avo 


(IV-57) 


Substituting  for  tan  a  and  tan  a  in  terms  of  the  velocity  component® 
yields  &V0  aV 
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,  r.  /V  +  U.  -  V 

An  =  cos  a  1  xo  xo 

av  avo  >  w  __ 

(V  +  AV<o  V<bo 


2 

COS  ot 


avo  /  xo 


v  (i+ul7/v  )  -  v 

XO  VT  XO  X 


Neglecting  squared  terms  in  AV^/V^ 

Ao-  =  cos^o  ( V  /  u.  -  AV,  \ 
av  avo  I  xo  /  1,,  _4>  1 


Ko  /%  -  *J±\) 

(  V*°  \  VX0  ^  /  j 


(IV-58) 


(IV-59) 


Using  Eq  (lV-6)  yields 


AQ?  =  cos  'cv  tana 
av  avo  av 


« /jl  "  %  \ 

\Vxo  W 


and  from  trigonometric  identities 


sin(2gaVO)  (\ 

2  \Vxo  W 


(iv-60) 


(IV -61) 


One  can  combine  the  dynamic  pressure  and  angle  of  attack  sensitivi¬ 
ties  to  obtain  the  desired  circumferential  change  in  tangential  force  in 
terms  of  circumferential  changes  in  axial  and  tangential  velocity.  From 
the  above  expression  for  Ao*  plus  Eqs  IV-39  and  IV-48,  one  obtains 


*±  -  [it-  +  2(V„\  +  W 

to  a«b  (v2  «?  ) 

L  xo  9° 


(IV-62) 


Let  the  combined  upwash  at  the  propeller  disc  plane  be  expressed  as 
w  =  V  slncy  +  w.  (IV-63) 


w  =  V  slncy  +  w. 

00  ac  bn 


AV^  =  -  wsin^ 
and  one  can  write 

=  %%  +  B<j>  wsln*i 

f+o  V»  V» 


(iv-64) 


(IV -65) 
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where 


■-1  ac^  sin  (a»avo)  \o  "  2VxoVcol 


c ,  da  2 
4>o  b 


v2 


ro 


B4>  =  " 


and 


1  9c,  Voc  sin  (2a  )  +  2  V,  V 

-  A  -  ■  ■  avO  An  c 


c  — —  V  2 

<J>o  9o^  <f>o 


<}>0  °o 


ro 


v2  =  v2  +  v2 

ro  xo  4>o 


(IV -66) 

(IV- -67) 


(IV -68) 


Because  of  the  power  series  dependence  on  €  of  the  velocity  components 
u^and  w.  as  given  by  Eqs  IV-4^  to  IV-^6,  it  is  seen  that  one  can  derive 

an  explicit  Fourier  series  for  the  quantities  u  and  w_  above.  This 
process  will  be  illustrated  for  a  few  of  the 
lender  order  terms  ,  V^,, 


From  IV-45,  4B,  one  car.  write 
u,  =  vw(l-e3+e5-£7+.  •  •) 

w,  /V,o  =  v’w(l-i2+e!’-e^+.  .  •) 

where  it  is  convenient  to  define 


(IV -69) 
(IV-70) 


vw  =  rw/2l'V«  ,  (W-71) 

Frou  the  binomial  expansion  theorem  one  obtains 
e”  =  ^rcos^-Zy  j  n 

=  S  V  (nCj}  (IV-72) 

where  the  binomial  coefficients  are  defined  in  the  usual  manner  by 


(nC  .)  =  n  ! 

0  j  !  (n-j  )! 


(IV -73) 


WSj 
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The  term  w_  sin^..,  in  Sq  IV-65  can  be  written  as 

(  V°°  ) 
in»l  =  I  [sin&ac  +7w]  -  V2^W«4“  *  *| 


(XV-7h) 
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Thus  one  could  summarize  Eq  ( IV -7*0  as  fellows 


wsin<J>  =  %  b  ,(-l)ne2nsin<})1 
_ 1  n  9  1 

V°°  “=°  2  ), 

=  sin^  |sinaac+  vw  ]  -vwC2^wc'-  •  . 


(IV-75) 


From  Eq  IV -72  above,  one  can  expand  the  epsilon  squared  term, 
for  example ,  as  follows 

f  =  (r2sin01cos201-2r2wcos01+2^)/X^  (IV-76) 

The  contribution  to  Eq  (IV-75)  is  given  by  the  product 

2  2  2  2  2  \ 
e  sin^  =  (r  sin^cos  'e^rZ^sin^cos^+Zy  sin01)/Xw"  (IV-77) 

From  we 11 -known  trigonometric  identities 

2sinji1cos01  =  sin  2$^  (IV-78) 


sin0icosc'01  =  sir^  -  oinV1 

-  si.n0i  -  ^  (-sin  39'1+3sin01) 

1  / . x 

=  ^  ^sinv^sm  d01/ 


(W-7Q'| 


Hence,  one  can  see  that  the  leadir^  terms  of  Eq  (lV-75)  are 


;in0i  =  j  joiru>ac^wJ  sin0J_-vw  [  ^(sii^+sin  3^)^/^ 

OO 

-  i'Zy  sin  24^  +  Z"'w  sin^]  +*  *  *  I 


(IV-80) 


Collecting  coefficients  of  sinviup^)  yields 


WBin^  =  I 


(lV-81) 


which  is  a  Fourier  sine  series  in  the  classical  sense.  Similarly,  one 
can  manipulate  Eq  IV-69  for  u.  /V^  to  obtain  a  power  series  of  the  form 
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U,  r-'  1 

A  ’  2  " 


1  n 
cos  4>n 


(IV-82) 


Substituting  trigonometric  identities  for  cos  0^  yields  a  Fourier 
cosine  series  of  the  form 


\  =  5  v  c°s  (n4>i} 


(xv-83) 


When  the  Eqs  (IV-81  and  IV-83)  are  substituted  into  Equation  IV-65 
one  obtains  using  as  the  index 


=  V  [a  ^cos  (i't1)  +b|,4>siti(v4>1)  j 


(IV-84) 


The  above  series  can  be  put  in  terms  of  a  complex  Fourier  series 
represented  by  Eq  IV-36  where  from  IV-65 ,  IV-81  and  IV-83  one  obtains 


^g<i>  b4.  ww>; 


(IV-85) 

(rv-86) 


One  sees  that  the  Fourier  coefficients  representing  circumferential 
non-uniformity  of  the  blade  loading  are  aircraft  configuration  ucpeii  lent. 
Numerical  results  for  the  YQ-3A  configuration  are  discussed  later  in  this 
Appendix,  and  are  regarded  as  representative  for  a  single  engine  aircraft. 


o  Estimation  of  Propeller  Axis  Angle  of  Attack 

Because  of  the  possible  importance  of  inflow  non-uniformities,  it 
was  felt  necessary  to  document  the  estimation  of  the  propeller  pxis  angle 
of  attack.  The  accompanying  sketch  shows  that  the  propeller  axis  lies  on 
the  airplane  center-line  parallel  to  the  water  plane  and  that  the  wing 
possesses  a  +2*5°  incidence  relative  to  the  water  plane  or  aircraft  center- 
line.  Therefore,  the  so-called  airplane  angle  of  attack,  a  ,  is  the  same 
as  the  propeller  angle  of  attack.  The  airplane  angle  of  at££ck  if;  estimated 
as  follows:  (Reference  3)  The  reference  wing  area  is  l80  ft.  and  for  one 
g  flight  the  reference  lift  coefficient  based  on  this  area  and  for  L  =  W  = 
3750  lb  is  computed  1  follows  W  ac 


The  lift  curve  slope  for  the  Y0-3A  is  estimated  to  be  .16  per  degree, 
considering  prop  wash  effects  and  that  the  true  wing  area  is  20t  ft.  (higher 
by  13.5$  than  the  reference  area  Swref  ~  11:16  Y0-3A  wing  is 

characterized  by  the  absence  of  flaps,  and  the  airfoil  sections  consists  of 
NACA  63-1*18  inboard  of  the  ailerons  and  an  NACA  23012  airfoil  outboard.  The 
estimated  average  lift  coefficient  for  the  wing  at  zero  angle  of  attack  is 


C  0  =  '331*  Froni  this>  ^  is  estimated  that  the  angle  of  attack  is 

5. 38°  at  Cj^  =1.12.  The  corresponding  propeller  angle  of  attack  at  Cj^ 
is  calculated  to  be  o  =  5.38°  -  2,5  =  2.88  degrees. 


The  details  of  the  inflow  non-uniformity  analysis  assessment  will  be 
further  explained  after  discussion  of  propeller  blade  wake/wing  interaction 
loads  which  is  found  contribute  significantly  to  the  bucket  in  the  curve  of 
rotational  noise  vs.  rpm. 

(b)  Propeller  Blade  Wake/Wing  Interaction 

The  following  discussion  outlines  the  problem. 


Figure  rV-o  Blade  Waite  Velocity  Defect  Profile  Approaching  Wing 
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As  shown  in  Sketch  TV-0  ,  the  propeller  blade  wake  velocity  defect 
profile  impinges  on  the  wing.  The  impingement  planform  is  the  shaded  area  of 
Sketch  XV -7  .  The  effect  is  to  produce  a  fluctuating  lift  force  on  the  wing, 
as  if  the  wing  were  flying  through  a  sinusoidal  gust  whose  wave  length  equals 
the  width  of  the  wake  of  the  propeller  blade  as  it  crosses  the  wing.  The 
strength  of  the  unsteady  lift  force  on  the  wing  is 

CL  X  [Sears  Function]  X  j  /WQW 

2  ^  \vZ 

The  fluctuating  lift  force  on  the  wing  acts  as  a  dipole  acoustic 
source  whose  axis  is  perpendicular  to  the  wing  and  is  estimated  to  be  approxi¬ 
mately  in  phase  with  the  propeller /torque  dipole  producing  maximum  intensity 
at  the  overhead  position.  The  magnitude  of  the  fax  field  sound  pressure  is 


PT'F, 


WI 


(IV-88) 


Using  wake  velocity  defect  data  from  Reference  19,  p.  100,  the  estimated 
propeller  blade  wake  and  wing  interaction  noise  is  66  to  70  dB  at  480  rpm 
(adding  about  2  dB)  and  lesser  amounts  above  600  rpm.  (See  Figure  25). 

Conclusion  -  The  combined  effects  of  inflow  non-uniformity  and  blade 
wake  interaction  with  the  wing  as  estimated  in  Figure  25  seem  to  account 
for  the  major  part  or  the  measured  bucket  in  rotational  noise  vs.  rpm  and 
for  the  discrepancies  in  level  at  all  rpms  between  measured  data  and  pre¬ 
dictions,  either  of  classical  axi symmetric  propeller  noise  theory  or  of  the 
USAF  computer  program  (Reference  7  )  which  employs  empirical  corrections 

from  static  test  data. 


(c)  Angle  of  Attack  Effect  on  Chocrdwise  Blade  Loading 


Reference  7,  8,  and  13  employ  the  standard  assumption  that  the 

blade  loading  is  uniformly  distributed  in  the  chordwise  direction,  so  that  the 
time  history  of  loading  at  a  point  in  the  disc  plane  is  a  square  wave,  re¬ 
peating  B  times  per  revolution  of  the  propeller  (see  sketch). 


Based  on  the  above  assumption,  the  "blade 
solidity  factor"  of  Reference  7  (Equation 
IV-15  of  Section  (2)(a)above)  becomss 
(after  multiplying  and  dividing  by  mB  ) : 
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Figure  IV-9  Blade  Loading  Time 
History  Idealized 
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SF  = 
o 


sin  /  mBbcosfl. 


bcOS0. 


(IV- 8^)) 


A  factor  2  vas  absorbed  in  the  multiplying  constant  leading  to 
Equation  IV-15  (Equation  5  of  Reference  7  )  along  with  the  introduction  of 

the  dimensionless  thrust  and  power  coefficient  gradients  (defined  by  Equations 
IV- 19,.  IV-20).  See  also  lb (2) (a)  above. 

The  tangential  force  coefficient  was  given  by  Equation  IV-38. 


c.  coso 
d  av 


+  c.  sino 
f  ay 


At  low  blade  lift  coefficients,  it  is  reasonable  to  assume  that 
is  uniformly  distributed  chordwise;  however,  it  is  well  knew  from  aiqrfoil 
theory  that  the  additional  lift  distribution  at  an  angle  of  attack  for  a  thin 
wing  has  a  distribution  of  the  following  form  (Reference  17  ,  p.  66  ). 


IE  TE 


Figure  IV-1D  Realistic  Chordwise 
Blade  Loading  due 
to  Angle  of  Attack 

The  angle  of  attack  loading  described  in  Equation  IV-I^ls  characterized 
hy  a  sharp  suction  peak  near  the  leading  edge  (inversely  proportional  to 
square  foot  of  the  distance  from  the  leading  edge).  The  factor  (cf0,/2ir) 
is  a  correction  factor  for  the  slope  of  the  lift  curve,  which  depends  on  air¬ 
foil  shape,  -thickness,  Reynolds  number,  and  Mach  number  effects. 

If  it  is  assumed  that  the  lift  coefficient,  ,  at  ze.io  angle  of 
attack  (due  to  camber)  is  uniformly  distributed,  then  one  has 


Clo  +  8  /  Cla  \ 
2  \  2  jt  ) 


-1  <  x  s  1 


(rV-91) 
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Making  the  substitution 


x  -  -  cos  6 


(IV-  92) 


and  using  a  well  known  Bessel  function  identity  (Reference  13,  P-  743) 


;izcos0=  £  (i)nein0  ^ 
;-Ucos0=^  (l)nein0  j  (z)(.l}n 


(IV-  93) 


it  can  be  shown  that  the  solidity  factor  for  tangential  (torque)  force  becomes 
(after  dividing  and  multiplying  by  mB/2)  the  following  complex  number  function 
of  radial  position 


SF  =  SF  +  iSF 
r  i 


where  the  real  and  imaginary  parts  are  given  by 


(IV-  94) 


SFr  =  SF0  ^dcosaav+cfo8inaav)  +  2£  / cfa  fmincysintt  J  (z)  (IV- 95) 
c«o(  2  \2TI  ’ 


SFi  =  (%j  |-27rslnabsin^vj  J1(Z) 


(IV- 95) 


and  where  (z)  and  J  (z)  are  Bessel  functions  of  the  first  kind  of  order 
zero  and  one  whose  argument  is 


z  =  mBbcosft  /2r 


(IV-  97) 


From  Equation  I  V-$!>  it  is  readily  apparent  that  if  a  =  O,  then  all  of 
the  lift  is  attributable  to  camber  (  c  ) ,  which  is  assumed  uniformly  distri¬ 
buted  as  before.  In  this  special  case10 


SF  =  SF„ 
r  0 


sfjl  =  0 


(IV- 93) 


z  is  generally  less  than  unity  so  that  Jq  (z)  =1  and  (s^  =  z/2. 

It  is  important  to  note  that  SFr  1b  larger  than  SF0  when  afc  and  a 

are  large;  this  condition  is  typical  of  low  rpm/high  blade  lift  conditions. 
Therefore,  the  above  defined  blade  loading  solidity  factor  used  in  the  present 


noise  calculations  tends  to  increase  at  low  rpm  giving  rise  to  a  slight 
"bucket  tendency."  Typical  results  at  480  rpm  yield  blade  angles  of  attack 
(at  r  =  .75  r  )  ranging  from  6  to  11  degrees  with  corresponding  advance  angles 
ranging  from  50  to  55  degrees.  At  480  rpm  typical  values  of  SF  are  1,46 
ancl  SF  =  1.6  to  1.8.  The  present  correction  to  axisywmetric  rotational 
noise  £s  predicted  by  Reference  7  would  be 


At  i+80  rpm  (maximum)  value  would  be 


(IV-  99) 


ASPL  =  20  £og.„  /1.8V  1.6dB 

”  10  (i3j 

At  high  rpm  the  correction  rapidly  approaches  zero. 

(4)  Effects  of  Propeller  Aerodynamic  Performance  and  Configuration 
On  The  Non-Uniform  Loading  (NUL)  Environment 

(a)  Preliminary  Remarks 

As  noted  in  the  previous  discussion  of  this  Appendix,  the  principal 
source  of  discrepancy  between  the  USAF  computer  program  results  and  the 
experimental  results  for  rotational  noise  is  attributed  to  non-uniform  loading 
(NUL)  effects.  The  Fourier-  series  coefficients  for  the  NUL  will  be  called 
loading  harmonics  (LE).  The  NUL  effect  is  caused  by  Hie  non-uniform  inflow- 
velocity  field  generated  primarily  from  two  sources,  (l)  the  aircraft  propeller 
shaft  angle  of  attack,  and  (2),  the  upvash  and  backwash  velocity  field  gener¬ 
ated  by  the  lifting  flaw  field  of  the  wing  at  specified  longitudinal  and 
vertical  separation  distances  from  the  center  of  the  propeller  disc. 

It  has  been  noted  that  the  USAF  computer  program  propeller  efficiencies 
at  low  rpm  are  predicted  to  be  higher  than  the  efficiency  data  obtained  from 
the  Y0-3A  flight  test  report  (Reference  3  ).  These  results  are  shown  in 

Figure  23  where  at  480  rpm  the  USAF  computer  program  estimates  an  efficiency 
of  about  76 $,  while  the  Y0-3A  flight  test  data  Indicates  an  efficiency  of  the 
order  of  50$.  The  corresponding  horsepower  values  at  220  lb.  thrust  and 
125  ft. /sec.  true  airspeed  are  66  and  100  respectively  which  would  cause  a 
4  dB  difference  on  the  basis  of  purely  axisymmetric  theory  (see  Figure  19) . 

It  is  found  that  the  loading  harmonics  increase  in  magnitude  as  the  blade 
efficiency  decreases,  further  augmenting  the  rotational  noise.  Therefore, 
it  is  of  interest  to  independently  resolve  the  discrepancies  In  propeller 
efficiency  data.  In  the  calculations  by  the  first  method,  discussed  earlier 
In  this  Appendix,  an  ideal  induction  efficiency  was  assumed,  which  was  adjusted 
to  match  the  Y0-3A  propeller  efficiency  data. 
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The  ih&uetion  efficiency  defines  slipstream  factors  for  linear  and 
angular  velocity  which  are  physically  related  to  the  trailing  vortices  shed 
from  the  propeller  tip.  Therefore,  assuming  a  value  for  induction  efficiency 
amounts  to  specifying  the  induced  drag  and  dowuwash  velocity  at  each  radial 
station.  The  components  of  the  downwash  velocity  vector  add  to  the  axial 
flow  velocity  ana  subtract  from  the  relative  tangential  velocity,  as  shown  in 


the  fivers  below. 


Final  a 


Final  a,  ilnitial  Lift  Vector 

b  f  *Final  Lift  Vector 


L  ^XO 


j;ig  IV -11  Effect  of  Induced  Downwash 

on  the  Relative  Velocity  Vector 


Vro>  Initial  Relative 
Velocity  Vector 

r-*  Initial  Drag 

V  .Vector 

—  ~  Finn  1  Drag 

/  Vector 

v  /-Vj’  Downwash 
Velocity 
Vector 


Also,  as  shown  in  the  above  figure,  the  downwash  angle  causes  the  resultai.t 
angle  of  attach  to  decrease.  Since  the  downwash  is  perpendicular  to  the 
relative  velocity  vector  it  is  seen  that  a3  rpm  decreases,  the  downwash 
velocity  tends  Increasingly  to  negate  the  tangential  velocity  component.  The 
factors  called  usb  and  omsb  in  the  first  method  arc  equivalent  to  the  axial 
end  tangential  components  of  the  induced  downwash  velocity  veetc-r,  which  are 
directly  calculated  in  the  methed  described  below. 


To  provide  an  independent  assessment  of  the  propeller  efficiency,  and 
at  the  same  time  generate  a  *>elf  consistent  set  of  propeller  blade  loads  and 
loading  harmonics  (Jii),  a  second  method,  using  an  approximate  lifting  line 
theory  calculation  was  developed  (see  Reference  32  )  with  a  modification  tc 
allow  for  eparwise  variation  of  the  relative  velocity  vector.  The  relative 
velocity  is  the  equivalent  freestream  velocity  for  a  propeller  blade.  The 
results  of  this,  Becond  blade  load  prediction  method  will  be  described  below. 


As  part  of  the  evaluation  of  non-uniform  loading  effects,  additional 
soudies  have  been  conducted  to  refine  the  calculation  of  radiated  rotational 
noise  by  accounting  for  the  exact  radial  distribution  of  loading  harmonics 
vs.  simplified  but  more  convenient  calculations  wherein  the  loading  harmonics 


are  calculated  only  at  a  single  reference  radius . 
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will  be  presented  concerning  thin  aspect . 


For  aircraft  design  studies,  it  is  of  interest  also  to  evaluate  the 
sensitivity  of  the  Lii  values  to  wing  separation  distance  and  angle  of  attack, 
so  that  possible  deviations  from  the  current  Y0-3A  configuration  might  be 
assessed.  A  simplified  approach  is  presented  below.  It  will  he  seen  that 
the  first  loading  harmonic  is  the  dominant  one  and  therefore,  a  correlation 


of  the  excess  rotational  noise  due  to  MIL  effects  can  be  made  in  terras  of 
the  first  loading  harmonic  only,  This  simile  correlation  permits  estimates 
of  the  effects  on  rotational  noise  of  wing  separation,  angle  of  attack  and 
angle  of  side  slip,  merely  by  examining  trie  change  of  the  first  loading 
harmonic r  evaluated  at  a  reference  radius,  as  a  function  of  the  aircraft 
configuration  variable. 

(b)  Propeller  Performance  Estimate  from  3  Dimensional  Lifting 
Line  Theory 

Tills  second  blade  load  ai^alysis  method  employ*  1  is  one  of  successive 
approximation  in  which  (l)  an  "effective  aspect  ratio  is  assumed  for  the 
propeller  blade,  yielding,  as  a  first  approximation,  a  value  of  down wash 
angle  per  urdt  =l/(7TARe).  !3iis  yields  a  blade  lift  curve  slope  per  unit 
geometric  angle  of  attack  which,  qg counts  for  finite  span  effects.  (2)  The 
loading  is  multiplied  by  where  T?  is  the  serai -span  fraction  (equal 

to  -1  at  the  hy.b  and  plus  1  at  the  tip).  (3)  For  each  assumed  blade  angle 
and  effective  aspect  ratio  the  lift,  thrust  and  torque  are  integrated  radially. 
When  the  total  thrust  equals  220  lb.,  one  has  a  possible  solution  for  each 
assumed  effective  aspect  ratio,  (4)  The  criterion  for  selecting  the  effective 
asp.:ct  ratio  is  as  follows:  (a)  The  first  approximate  span  loading  is  expressed 
as  a  Fourier  series,  from  which  the  induced  dovnwash  angle  is  calculated  by  a 
slight  modification  of  the  classical  Glauert  theory  (Reference  12  ,  page  138 

to  account  for  spanwise  variation  of  the  relative  velocity,  (b)  Next,  a 
comparison  is  made  between  the  approximate  downwash  angle,  c^/JrARg,  and  those 
of  the  lifting  line  calculation.  If  the  lifting  line  down  wash  values  are 
larger,  then  the  calculation  is  repeated  using  a  smaller  value  of  effective 
aspect  ratio  and  tne  process  is  continued  iteratively.  Usually  the  method 
converges  in  about  two  iterations.  The  results  at  480  rpm  indicate  that  the 
effective  aspect  ratio  of  the  Standard  3  Dladed  Y0-3A  is  about  1.7.  Since 
the  geometric  aspect  ratio  is  3>  then  the  "spanloading  (Oswald)  efficiency 
factor"  (Reference  17  )  would  be  about  0.57*  On  the  basis  of  such  a  cal¬ 
culation  the  propeller  efficiency  at  480  rpm  is  about  .58..  Figure  24  shows 
the  calculated  propeller  efficiencies  vs.  effective  aspect  ratio.  The  results 
cf  Figure  24  and  Table  IV- 1  below  indicate  that  the  calculated  propeller 


efficiencies  upon  which  the  USAF  propeller  noise  computer  program  is  based  are 

too  high.  Note  that 

even  if  one 

assumes  the 

maximum  possible 

span  loading 

efficiency  of  100%  (ARe  ~  3)  the 

resultant  propeller  efficiency  is  still  much 

lower  than  Reference 

8. 

Table  17  ~I 

Comparison 

of  Frupelier 

Efficiency 

at  4 80  rpm 

Thrust 

Axi symmetric 

Source 

lb 

Efficiency 

HP 

Fundamental  SPL 

USAF/Ref  1 

220 

.76 

66 

57 

IMSC/Ref  2 

220 

100 

62 

Present  CALAC 

220 

-58 

86 

60 

(ARe  «  1.7) 

ARe  =  3 

220 

.69 

76.6 

58 
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As  will  be  seen  below,  the  lower  propeller  blade  effleiencl.es  are  accompanied 
by  ar  enhancement  of  blade  loading  harmonics  which  have  already  been  shewn 
(Figures  29  and  30)  to  increase  with  increasing  blade  lift  coefficient  which 
increases  with  decreasing  rpm.  The  increased  leading  harmonics  improve  the 
acoustic  radiation  efficiency  as  has  already  been  mentioned. 

(c)  Factors  Affecting  Propeller  Blade  Loading  Harmonics  LH 
Dependence  on  Harmonic  Number 

The  method  for  calculating  the  complex  Fourier  coefficients 

=  )/2  ;  i>=  0  ft  2 

has  already  been  described  (Section  (3)  (a)  above).  The  basic  equations  suggest 
that  the  loading  harmonics  increase  with  both  lift  coefficient  and  advance  angle. 
Figures  26  and  27  below  Ghow  typical  values  of  the  first  six  loading  har¬ 
monics  (a  v ,  and  )vs.  loading  harmonic  number  V .  The  results  are  shown  at 
i*30  rptn  at  125  ft. /sec.  flight  speed  for  various  propeller  efficiency  conditions. 
It  can  be  seen  that  the  loading  harmonics  under  forward  flight  conditions  decay 
very  rapidly  with  increasing  load  harmonic  number.  Note  also  that  the  first 
loading  harmonic  increases  with  decreasing  propeller  efficiency.  This  curve 
pertains  to  the  Y0-3A  configuration  hut  similar  results  are  found  at  other  values 
of  wing  separation  distance  and  is  shown  below.  It  is  seen  in  Equation 
17-29  that  the  third,  loading  harmonic  (V  -  mB)  gives  a  -zero  contribu¬ 

tion  to  the  torque  dipole  radiation  which  dominates  the  overhead  noise.  Since 
the  fourth  loading  harmonic  is  typically  very  small,  it  Is  concluded  that,  for 
all  practical  purposes,  two  loading  harmonics  (or  more  gene rail;/  mB  -  l)  suffice 
for  a,  three  (  B.)  bladed  propeller  for  calculating  far  field  noise  In  the  pro¬ 
peller  disc  plane  (or  near  overhead  position).  This  is  in  contrast  to  (the  NUL 
effect  on)  rotational  noise  along  the  thrust  axis  which  is  strongly  re-enforced 
by  the  V  ~  mB  harmonic.  This  latter  case  is  of  paramount  importance  to  heli¬ 
copter  rotor  noise. 

To  further  simplify  matters  It  is  seen  in  Figures  26  and  27  that  the 
first  tangential  force  LH  (the  bj^  term)  is  much  larger  than  the  others; 
therefore,  It  is  natural  to  seek  ft  correlation  between  the  rotational  noise 
increment,  due  to  non-uniform  loading(NUL)as  a  function  of  the  coefficient 

bj_0  Such  a  correlation  would  then  provide  a  method  for  rapid  estimation  of 
PUL  effects  upon  rotational  noise,  merely  by  calculating  the  variation  of  bq0 
as  a  function  of  various  configuration  variables. 

(d)  Radial  Variation  of  Loading  Harmonics 

First  consider  the  radial  variation  of  bp^  at  480  rpm.  Typical  results 
are  shown  in  Figure  £8  at  two  loading  conditions,  representing  different 
propeller  efficiencies;  (l)  the  L2  loading  Is  very  similar  to  Reference  7 
results ;  (2)  the  L4  loading  Is  compatible  with  the  lewer  propeller  efficiencies 
provided  by  Y0-3A  project  data  (Reference  3  )  ana  the  L3  data  estimated  inde¬ 
pendently  in  this  study.  As  can  be  seen  the  loading  harmonics  Increase  rapidly 
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near  the  hub  where  the  blade  lift  coefficient  and  advance  angle  increase 
towards  the  hub.  The  higher  values  associated  with  the  L3  or  L4  loads 
yield  values  at  any  given  r/rt,  compared  with  the  more  efficient  (IN) 
load  condition. 


The  noise  increments,  due  to  non-uniform  loading  ASPLj^  for  the 
Y0-3A  configurations  Rre  plotted  against  rpm  in  Figure  31  ,  in  which  the 
radial  variation  of  the  harmonics  has  been  considered.  These  results  show 
an  increase  in  the  non-uniform  load  (NUL)  effect  at  decreasing  rpm  which  is 
considered  to  provide  the  major  contribution  to  the  explanation  for  under 
prediction  by  the  USAF  computer  program  of  absolute  levels  of  rotational  noise 
and  the  bucket  in  the  rotational  noise  vs.  rpm  curve.  These  data  are  included 
in  the  previously  discussed  theoretical  vs.  experimental  comparison  (Figure  25) 
which  is  one  of  the  most  important  contributions  of  the  theoretical  part  of 
the  present  study. 


As  a  calculation  convenience,  it  is  of  interest  to  determine  if  the 
NUL  effect  can  be  accurately  computed  by  using  input  of  loading  harmonic  (LH) 
values  calculated  only  at  a  single  effective  radius  position.  Figure  32 
shows  the  calculated  NUL  effect  as  a  function  of  the  radius  location  for  which 
the  IN  were  evaluated.  In  this  case  a  set  of  two  LH  values,  including  both 
sine  and  cosine  terms  were  evaluated  at  the  radial  location  noted.  Also  shown 
are  the  values  of  SPL  obtained  by  input  of  the  radial  variation  of  the  IN. 

It  Is  concluded  that  evaluation  of  loading  harmonic  Fourier  coefficient  values 
at  r/rt  =  .55  gives  nearly  the  same  result  as  is  obtained  by  considering  the 
radial  variations  of  the  LH.  This  conclusion  is  of  special  value  when  con¬ 
sidering  configuration  parametric,  effects  on  the  NUL  effect  such  as  changing 
the  wing  separation  distance,  or  airplane  angle  of  attack. 


/  N 


Correlation  of  NuL  Effect  as  a  Function  cf  the  First  W 


A  further  computational  simplicity  is  afforded  by  establishing  a 
correlation  between  the  NUL/SPL  increment  and  the  strongest  loading  harmonic, 
b-^  .  This  is  accomplished  by  plotting  the  exact  ASH.  due  to  NUL,  including 
radial  variation  of  the  first  two  IN  vs.  bp^  as  calculated  for  various  r/rt  and 
rpm  values.  The  results  are  shown  in  Figure  33  .  Also  tabulated  are  cor¬ 
rections  for  evaluation  of  bp^  at  (r/rt)  =  .62  and  .75.  One  would  expect 
a  dependence  on  rpm  which  wil  be  demonstrated  analytically  below.  According 
to  theory 


asEW  20  f«10 
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where  Y  =  SQ,  and  <t>  -  0  for  a  far  field  observer  under  the  flight  path  in  the 
propeller  disc  plane,  and  it  will  be  recalled  (Equation  F/-31)* 


r 


argmB  =  m3  k^r 


The  negative  values  of  p  are  predominant  so  that,  the  following  approximation 
is  valid  for  the  overhead  far  field  observer  position  ( 4>  -  0). 


ASaNUL  =  20  ^lO 
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If  the  above  expression  is  truncated  at  V  -  1,  based  on  the  already  esta¬ 
blished  dominance  of  the  first  load  harmonic,  one  has 


aselkul  =  20£o610 
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It  is  noted  that  b.. .  is  negative  by  its  definition*  leading  to  a  positive 
ASELj_„.  At  low  rpm  the  Bessel  function  argument  is  small  and  the  Bessel 
functions  are  approximated  by 


V IV- 103) 

Using  the  above  approximation  and  neglecting  the  small  product  a  r  times 
SF^  one  finds 


(W-X04, 


Introducing  the  absolute  value  of  b^  which  is  by  definition  positive 
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This  result  demonstrates  that  the  NUL  effect  should  increase  with  decreasing 
rpm  both  through  the  direct  effect  of  the  dominator  (  a  radiation  efficiency 
enhe ncement  factor)  and  indirectly  because  of  the  increase  of  (b-^  )  ut  low 
rpm  which  is  related  to  the  increase  of  lift  coefficient  and  advance  angle, 
as  shown  earlier. 


(f )  Effects  of  Wing  Separation  and  Propeller  Angle  of  Attack 
on  the  Non-Uniform  Loading  Environment 


It  has  been  established  above  that  the  NUL  increment  to  rotational 
noise  depends  primarily  on  the  first  tangential  force  leading  harmonic,  b^  , 
evaluated  approximately  at  r/rt  ~  .55*  Therefore,  the  effects  of  changing" 
wing  separation  distance  or  propeller  shaft  angle  of  attack  can  by  examining 
the  variation  of  b-j^  at  convenient  (r/rt)  values  as  a  function  of  Xw/l),  Zw/P 
or  aac  where  Xw  ana  Zw  represent,  respectively,  the  longitudinal  and  vertical 
wing  separation  distances  and,  aac  is  the  aircraft  or  propeller  shaft  angle 
of  attack. 


Figure  3^  shows  the  calculated  effect  of  changing  the  wing  separation 
distance  for  the  Y0-3A  whose  basic  parameters  are  Xw/D  =  1,  2w/D  =  0.214  and 
aac  =  2.88°.  The  convergence  criteria  for  the  series  expansion  method  for 
calculating  the  loading  harmonics  restricts  Xw/D  to  values  greater  than  0.5. 

The  A  SPL  due  to  NUL  effects  are  shown  in  Figure  3^  .  It  is  seen  that  small 
increases  of  wing  separation  are  not  likely  to  be  very  beneficial.  Therefore, 
careful  examination  of  the  design  impact  of  weight  and  balance  changes 
would  be  required  if  it  were  desired,  for  example,  to  double  the  present  Y0-3A 
wing  separation  distance.  Figures  3^  and  37  show  the  effects  01  propeller 
shaft  (aircraft)  angle  of  attack  variation  for  the  present  YO-3A  configuration. 


The  airplane  angle  of  attack  could  be  deci'eased  significantly  by  use  of  trailing 
edge  flaps,  or  generally  decreased  by  increasing  the  flight  speed. 


(g)  Possibilities  for  Aircraft  Design  Changes  to  Reduce 
Rotational  Noise 


It  is  estimated  that  the  Y0-3A  gliding  airframe  vortex  noise  is  suffi¬ 
ciently  lower  than  the  propeller  blade  vortex  noise  that  the  forward  speed 
could  be  increased  possibly  by  25  percent  (reducing  the  wing  lift  coefficient 
for  the  same  wing  loading).  This  would  reduce  both  the  wing  angle  of  attack, 
and  the  wing  lift  circulation-induced  upwash  at  the  propeller  disc  plane  by 
36  percent.  The  airframe  vortex  noise  nenaltv  would  be  6  dB  according  to  a 
7°  lar , 


Decreasing  the  wing  loading  by  increasing  the  wing  area  would 
decrease  the  angle  of  attack  without  the  benefits  of  reducing  the  upwash; 
also  thj.s  would  cause  frame  noise  increment.  Depending  on  the  aircraft; 
mission,  it  would  appear  that  an  optimum  combination  (of  partial  deflection 
of  full  span  trailing  edge  flaps,  increased  wing  area,  and  increased  forward 
speed)  could  be  found  which  might  reduce  the  rotational  plus  vortex  noise. 
Also,  it  is  thought  that  the  discontinuity  caused  by  the  extension  of  the 
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trailing  edge  of  the  inboard  part  of  the  Y0-3A  -wing  is  responsible  for  its 
rather  low  span  loading  efficiency  (e  s  .7)  (Reference  3  )*  This  was 

the  result  of  a  need  for  a  low  cost  method  to  increase  the  area  of  an  existing 
glider  wing,  simply  by  extending  the  chord  of  the  inboard  sections. 

It  is  believed  that  trailing  edge  flaps  to  allow  angle  of  attack 
redaction  at  any  forward  speed  would  be  a  desirable  feature  of  a  ’'quiet1' 
airplane , 


2.  VORTEX  NOISE 


"V 


a.  Summary 

T  ie  measured  vortex  noise  for  the  Y0-3A  has  been  compared  witn  pre¬ 
dictions  of  the  USAFPL  computer  program  based  on  References  7  and  8  « 

The  predictions  were  based  on  three  different  options  which  will  be  reviewed 
below.  Unfortunately,  it  has  been  found  that  large  discrepancies  exist 
between  the  experimental  data  and  predictions  from  any  of  the  three  options. 

Lockheed  has  herein  developed  a  simple  empirical  method  for  estimat¬ 
ing  the  vortex  noise  which  offers  excellent  agreement  with  measured  data 
for  the  standard  three-bladed  propeller  and  good  agreement  with  experimental 
data  for  the  three-bladed  "Acoustic  Propeller" .  This  method  can  be  regarded 
as  another  "option"  which  can  he  described  as  an  empirical  correction  to  the 
level  of  the  fundamental  rotational  noise,  previously  discussed  in  this 
Appendix ,  A  simple  empirical  correction  to  the  theoretical  rotational  noise 
as  predicted  by  References  7  and  8  has  already  been  reeommended  in  the 
present  study,  as  discussed  earlier  in  this  report;  therefore,  the  vortex 
noise  is  easily  predictable  by  the  sum  of  these  two  empirical  corrections. 

A  rationale  for  this  method  is  discussed  below,  after  discussing  the  vortex 
noise  options  of  Reference  7. 

b.  Discussion  of  Existing  Options 
(l)  Introduction 


Reference  7  contains  a  review  of  a  number  of  previous  techniques 
for  prediction  of  vortex  noise,  and  then  outlines  three  options  which  are 
coded  in  the  computer  program  documented  in  References  7  and  8  .  These 
three  options  will  be  discussed  in  order  of  their  simplicity. 

(2)  Option  2  of  References  7  and  8  :  Consistency  Analysis 


This  method  employs  (l)  an  overall  SEL  formula,  (2)  a  spectral  peak 
frequency  determination,  and  (3)  a  frequency  spectrum  for  determining  1/3 
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center  frequency/  peal:  frequency.  This  spectrum  is  labelled  HS  correlation 
of  3/69  and  is  shown  in  Figure  TV -21  below  (Fig.  7  of  Ref.  7).  Figure  IV -21 
also  displays  the  l/3  octave  band  level  spectral  shapes  employed  in  the  other 
options  to  be  discussed  below. 


The  overall  SPL  relation  is  attributed  to  Schlegal,  King  and  Mull 
(Ref.  20  )  in  modified  form  and  a  directivity  function  obtained  from  Ollerhead 
and  Lowson  (Ref.  2l). 


Frequency  Spectri  Firoloyed  in  Vortex  Noise  Prediction 


The  peak  frequency  is  determined  by 


(IV-  106) 


The  denominator  of  Eq.IV-106is  the  projected  blade  frontal  thickness. 

The  overall  SPL  relation  is 

SPLGA0PT2  10^°glO  /VtCLSb(cQs2^+°-1^Q-217)  \  -^-6i|5 

V  d2  /  ( IV -107 ) 

where  i//  is  the  directivity  angle  (0  on  thrust  axis)  and  d  is  the  far  field 
slant  distance . 

The  original  form  of  the  Schlegal,  King  and  Mull  formula  is  (Ref.  7 
P-  32) 

sV"  ■  iof<*i0  K. ?  ^/v2)  +  y-8  (nr- 106) 

Some  fundamental  comments  are  in  order  here.  Lighthill  (Ref.  22  )  and 

Curie  (Ref.  23  )  have  discussed  the  hierarchy  of  multipole  point  sources 

which  model  various  aerodynamic  sound  generating  mechanisms.  These  sources 
emphasize  sei'eral  key  points: 

•  Monopole  sources  are  associated  with  pulsations  of  fluid  volume  flow 
(such  as  bubbles  collapsing  and  "breathing  mode"  vibrations  of 
adjacent  solid  bodies).  The  monopole  is  the  most  efficient  acoustic 
radiator  at  low  frequencies  (compared  to  higher  order  multipole 
sources) . 

»  Dipole  sources  sire  next  strongest  in  acoustic  radiation  efficiency. 
The  strength  of  a  dipole  is  associated  with  fluctuating  fources 
acting  on  the  fluid  (reacting  upon  an  adjacent  solid)  in  such  a  way 
that  the  rms  value  of  the  total  net  force  is  finite .  This  is  the 
predominant  aerodynamic  noise  generating  mechanism  which,  for  air¬ 
foils,  propellers,  and  turbomachinery,  is  often  called  "broad  band 
vertex  noise".  The  radiated  acoustic  power  is  proportional  to  the 
MJ  times  mechanical  power,  where  M  is  the  Mach  number, 

•  Quadrupole  sources  produce  the  third  strongest  mechanism,  one  which 
predominates  in  the  absence  of  monopole  and  dipole  sources .  The 
principal  examples  are  free  shear  layer  turbulent  mixing  noise 
radiated  from  jets  and  wakes.  This  mechanism  is  also  present  in  the 
wakes  of  airfoils,  rotors,  and  propellers,  but  the  acoustic  power 


peak  = 


0.28V, 


{hQyosa  +  b0_7  |sirm|) 


radiated  is  proportional  to  M5  and  therefore  weaker  (by  a  factor  of  M2) 
than  the  dipole  noise  associated  with  force  fluctuations  on  airfoils 
propellers ,  etc .  at  low  Mach  numbers .  Thus ,  at  low  Mach  numbers ,  the 
far  field  noise  is  predominantly  dipole  noise ,  and  can  be  written  as 
(Refs.  22  ,  23). 

SH'aipoie  *  K4io(<*io  (M>Vd2)  (IV.  109) 

where  K  can  be  a  function  of  various  aerodynamic  dimensionless 
similarity,  shape  parameters  and  dimensionless  force  coefficients. 

The  thrust  of  a  propeller  can  be  written  in  terms  of  the  classieial 
propeller  thrust  coefficient  (see  this  Appendix,  Sec.  2b(2)(a)  Eq.  IV -1?); 
also  see  Ref,  l8  ,  p*  276- 

I  •  K2pD*'(RIM/60)2€I 

.  19,  (Vt/2nrt)VoT  (ly.  3.10 ) 


•M/Sb  -  t,  (P2/ab)(D/2lrrt)2p^3li 

•  Kj,  (D2/ir26b)pV^CT  ;  Kj.  6.SlslO~? 

Substitution  of  (IV-lll)for  T/S^  in  Eq.IV-111  produces  the  result 

SP101SKM  ■  [^<d2/A>Kct]  V*2)  +13’8 

■  K7  )>Vvi2  [vi  (»2a\>J  j  *i3-e 

.  ioeoe10^pvt6sb/42p^cT/!a1iU2/y2sbj2j  +13.9 
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(IV-  111) 


(IV-  112) 


Introduction  of  the  tip  Mach  number,  Mt  -  Vj/a,  Kt  =  vt/a  yields 


(IV-  1J,3) 


Thus,  Equation  IV -113 ,  which  was  derived  from  Equation  IV-108  is  fundamentally 
the  same  as  Equation  IV-109  except  that  a  dimensionless  thrust  coefficient  and 
blade  area  factor  have  been  expressed  separately.  Next,  consider  the  overall 
SPL  expression  used  in  Option  2  as  defined  by  Equation  IV-107. 
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It  is  often  convenient  to  define  an  average  blade  lift  coefficient  in 
terms  of  blade  area  and  tip  speed;  for  example: 

Cj.  =T/(pvt2sb/2)  (IV-  IDO 

Alternatively,  this  can  be  written  in  terms  of  VQ  =  V  at  r/r^  =0.7 


°K>.7  ‘  T  /(  P  VL'-7  V2) 


(IV- 115) 


Note  that  such  expressions  under  estimate  the  required  blade  lift  coefficient 
at  finite  forward  speed  conditions  where  the  lift  vector  is  rotated  through 
the  advance  angle. 

Then,  for  example,  substitution  of  VI-114  in  TV-107  would  yield 
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If  Equation  IV- 111  is  introduced  into  IV-115  for  T/S  the  result  is 
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Therefore,  it  would  appear  that  Equation  IV-107,  which  is  in  the  form  used  in 
Option  2  (and  is  attributed  to  Schlegal,  King  and  Mull)  implies  a  V-^  law, 
whereas  the  original  form  given  by  Eq.  IV-108  implies  a  V^  law  (as  can  be  seen 
by  Eqs.  IV- 112  or  IV-113).  Thus,  it  appears  that  Eq,.  IV-107,  which  Is  employed 
in  Option  2,  is  not  strictly  consistent  with  either  the  basic  dipole  law  Eq, 
IV-749  or  the  original  Schlegal,  King  and  Mull  version  (Eqs,  IV-108,  IV-112, 
or  IV-113).  The  motivation  for  choosing  Eq.  IV-107  'is  unclear  in  view  of  this 
inconsistency.  Presumably,  it  is  based  upon  further  empirical  data  (not 
presented  in  Ref.  7  which  is  implied  hy  "HS  Correlation  of  3/69"  (Ref.  7, 
p.  35).  One  can  make  a  stronger  argument,  however,  for  equations  such  as 
IV-107  when  the  blade  lift  coefficient  is  large,  as  in  the  case  of  a  low  rpm 
high  thrust  condition. 


158 


(3)  Option  3  of  References  7  and  8  :  Consistency  Analysis 
This  method  is  attributed  to  Widnall  (Ref,  2k  )  and  takes  the  form: 


SPL  =  -71 


.02  +  57,000  /  T  \  +  10*°610/Vt  SA  -3. 

Wt2/  *  \ir) 


-3.3  sin2 (0+10°) 


(17-118) 


and  the  peak  frequency  defined  ty 

0.06  V 


peak 
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(17-119) 


where  xstalp  =  (r/I’t^stall  ’  ^e^ne<^  as  ^he  propeller  radius  ratio  where  blade 
stall  occurs  and  is  defined  in  Ref.  2k  as  the  outer  limit  radius  where  the 
blade  angle  of  attach  first  exceeds  11  degrees. 

If  Eq.  17-111 is  substitued  for  T/S  in  Eq.  IV-116  the  result  is 


SPL, 
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-71.02  +  57,000 
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( 17-120) 


Apart  from  the  directivity  function,  Option  3  defined  by  Equation  17-120  is 
theoretically  consistent  with  the  basic  dipole  radiation  law,  Equation  17-  109 
with  the  original  Schlegel,  King  and  Mull  relation.  Equations  17 -10&,  17-112 
V*  17-113, and  other  dipole  versions  such  as  Hubbards'  (Reference  25  )  and 

Davidson  and  Hargett  (Reference  26  )  See  Reference  7,  P-32  )•  These 

simple  methods  (Options  2  and  3)  have  the  advantage,  for  preliminary  predic¬ 
tion  purposes,  of  depending  only  on  gross  propeller  parameters  (tip  speed, 
diameter,  thrust  or  thrust  coefficient,  and  blade  area). 

It  is  clear,  at  least  in  principle,  that  sonx;  kind  of  radial  distribu¬ 
tion  analysis  (such  as  is  done  for  rotational  noise)  is  also  desirable  for 
vortex  noise  estimation  of  rotating  blades,  in  view  of  the  significant  radial 
change  of  relative  velocity  which  affects  both  spectral  center  frequency  and 
the  level  of  radiated  far  field  vortex  noise  from  e.  given  radial  segment  of 
the  propeller  blade.  These  and  other  theoretical  refinements  motivated  the 
development  of  Option ±  (or  Option  0)  of  Reference  8. 


(4)  Option  0  or  1 :  Description  and  Consistency  Analysis 

This  theory  is  based  on  work  by  Lowson  (Reference  27  )  which  considers 
the  effects  of  the  source  motion  due  to  propeller  rotation  and  forward  speed. 
The  basic  equation  for  far  field  noise  radiation  is,  in  Cartesian  Coordinates 

x^:  i  =  1,2,3  of  the  field  point;  y^:  i  =  1  to  3  of  the  source 

point  (Reference  7  ,  Equation1 30 f  page  37  ) 


V  r(Vyi>  3F1  .  3F1  3«r 

f-f  Wd^Jaa2  3t  W  3t 


(1V-121) 


where  Mr  is  the  component  of  convention  Mach  number  in  the  direction  of  the 
observer  and  {Fj}  are  the  unsteady  blade  load  components. 


Figure  IV-13  Cartesian  Components  of  Field  Point  and  Source  Point  Position  Vectors 

The  components  of  the  point  source  position  on  the  blade  are  (per 
Reference  7  ) 


*1  =  ° 
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y_  =  +r  sin  0  (pv-122) 


where  0  is  a  circumferential  angle  for  the  blade  position.  The  field  point 
locations  are 


x  =  x  , 

1  p’ 


=Y, 


x3=0 


(IV-123) 


Note  that  in  this  notation,  Y  would  be  the  altitude  and  x.,  would  be  lateral 
distance  from  the  flight  path.  The  distance  between  the  source  point  vector, 
y-  and  the  field  point  vector,  T  ,  is 

I'd!  *  V  |  If  -  f  |  2 


Xp2  +  (Y-rcos$)+r2sin-4> 


(ry.124) 


V 


The  component  of  convection  Mach  number >  is 
Mr  =  M  •  (x'-yVd  =  ^  (xi-yi)Mi/d 


=  Mx  /a  -  (ftr/ad)  sin#  (y-2rcos0) 

ir 


(IV-I25) 


where  a  is  the  speed  of  sound,  ft  ,  is  the  propeller  angular  velocity  in 
radians/sec . 

The  unsteady  blade  force  components  are 
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(IV- 126) 


and  the  Mach  number  components  arc 


4^  =  M:  Mg  =  --(  ftr/a)  sin  0;  =  (ftr/a)  cos  0  (IV- 127) 

The  pressure  field  becomes  (Reference  7,  Page  39) 


p  =  (F/l47rd2a)  J^-ico|x^cosgb-r(Y-2rcos^)sin0bsin0| 


+ftsin0^  rsin  0  +  (Y-rcos0)cos 0  e"  /(i-Mr  ) 


(IV -128) 


The  fluctuating  force,  F,  is  assumed  to  be  fandom  (out  of  phase 
radially)  so  that  mean  square  values  are  summed  anti-logar ithmically  in  the 
ten  point,  Simpson  Rule  integration  technique  of  References  7  and  8, 
after  circumferential  integration  with  respect  to  0. 


The  magnitude  of  the  fluctuating  force  is  expressed  as: 
F  =  C^phy^tAr"  V2(Re/l06)exp 


(iv- 129) 


where  is  the  Reynolds  number 


Re  =  (pVb/M) 


(IV-  130) 


(IV-  131) 


V  is  the  section  relative  velocity 
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In  Sectior  VI  of  reference  7  (p.  119)  it  is  suggested,  based  on 
experimental  data  for  propeller  noise  on  the  static  test  stand,  that 

CF  =  8-o 


ana  the  Reynolds  number  exponent  is  recommended  to  be 

exp  =  -1.0 

The  frequency  at  the  center  of  the  spectral  peak  is  defined  as 


f  =  C,  V/h  He 

peak  2.  IT  f  ' 

where  (Reference  7  ,  page  13.9)  tb  recommended  value  is 


(IV-  132) 


C^.  =  O.ue 

4 

’I ne  choice,  exp  =  -1,  yields  a  V  variation  for  mean  squared  sound  pressure 
according  to  Equations  IV-  12&.nd  IV -129*  Option  1  employs  circumferential  avid 
radial  integration  of  Equation  IV-lSSisirsg  36  intervals  of  0,  cepa:  ated  by  10  , 
and  using  the  same  10  radial  integration  stations  employed  in  the  performance 
analysis . 


Clearly,  this  method  appears  potentially  as  more  logical  than  either 
Options  2  or  3 ,  and  it  is  obvious  that  at  least  twe  possible  roads  to  refine¬ 
ment  would  be  (l)  to  relate  values  of  (CF,  and  exp)  to  aerodynamic  parameters 
ass  elated  with  the  blade  loa^ 'rig.  analysis,  ant?  (2)  to  empirically  alter  these 
three  empirical  constants  to  nut oh  the  YO-3A  flyover  data  (as  opposed  to  the 
selection  based  on  tue  static  test  stand  data  cited  in  Section  VI  of  Reference 


7). 


It  turns  out  that  another  very  simple  alternative  empirical  technique 
has  been  devised  which  is  very  successful  in  fitting  the  Y0-3A  data.  This 
method,  and  its  rationale,  will  be  described  below, 

(5)  Empirical  Corrections  to  Vortex  Noise:  Rationale 

(a)  Comparison  of  Reference  7  Predictions  with  Experimental 
Data  for  the  YQ-?A 

Figures  16  to  18  show  the  predictions  o  .1  ib- a  ere  rices  7  and  8  compared 
with  experimental  data  or.  a  basis  of  1/3  octave  band  data.  The  expei’irrental 
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data  curves  were  faired  tlirough  data  for  those  bands  rot  containing  the  rota¬ 
tional  noise  harmonics,  and  the  experimental  data  was  corrected  for  ground 
reflections.  It  is  clear  that  the  levels  and  spectral  shapes  for  all  three 
of  the  options  described  above  are  in  error.  Option  .1  or  based  on  radial 
integration  of  Lawson's  theory  (Reference  27  ) ,  is  closest  with  respect  to 

peak  l/3  octave  band  level,  but  it  is  high  by  2,5  dB  in  peak  level  at  the  600 
rpm  and  by  9  dB  at  720  rpm.  Option  tends  to  be  too  flat  with  respect  to 
the  spectral  shape  and  predicts  a  peak,  frequency  which  is  somewhat  too  high. 

Option  2,  based  on  a  modified  form  of  Sclilegal,  King  and  Mull  (Refer¬ 
ence  20  )  and  the  Ollerhead-Lowson  directivity  (Reference  21  )  appears  to  be 

low  in  peak,  level  by  15  dB  at  600  rpm  and  by  11  dB  at  &i0  rpm.  The  spectral 
shape  of  Option  2  at  frequencies  above  the  predicted  spectral  peak  frequency 
is  fairly  good,  though  the  decrease  of  predicted  level  beyond  the  spectral 
peak  is  somewhat  too  rapid. 

Option  3  also  under-predicts  the  peak  l/3  octave  band  levels  by  11. 5 
dB  at  600  rpm,  and  by  8  dB  at  780  rpm.  The  spectral  peak  frequencies  predicted 
by  Option  3  are  surprisingly  good,  and  the  spectral  shape  is  also  fairly  good. 

Kith  respect  to  spectral  shape  below  the  peak  frequency,  it  must-  be 
said  that  the  available  Y0-3A  experimental  points  are  limited,  and  aJl  of  the 
methods  are  reasonable,  though  Options  2  and  3  appear  to  fall  off  somewhat  too 
steeply  below  the  spectral  peak  frequency  and  Option  1  orO  falls  off  somewhat 
too  slowly. 


(b)  Comments  on  Peak  Frequencies  and  Spectral  Shapes 


t'r.e  failure  of  Option  1  or  0  to  improve  the  spectral  shapes  is  dis¬ 
appointing  since  it  considers  more  of  the  propeller  blade  design  details, 
especially  the  radial  variation  of  blade  aerodynamic  parameters  and  the  rela¬ 
tive  velocity.  It  must  be  concluded  that  the  choice  of  empirical  parameters 
(Cp,  Cf,  and  exp)  (See  Reference  7  )  must  be  the  principal  source  Of  error. 


VJith  respect  to  all  of  the  above  described  methods,  Lockheed  feels 
that  the  choice  of  a  single  length  dimension  for  Strouhal  number  scaling  is 
an  oversimplifica" ' on  (such  as  was  defined  in  Equations  IY-100,  TV -119,  and 
IV-132)  for  Optioi  ,  2,  3,  and  1  or  0,  respectively.  In  Option  3,  there  is  a 

■f1 «-*  4-  /svi  A  v.  4-kic.  «-l  »*,  v>  /*»*..  J  v>.  1  4-  i^vi  (  1  _  C  V  (  1  \  t  rP.  A  »  f/M  il  /I  A  t-m  yi#-\  rt  ,  rA  +K 

J.UO  owj  UiiO  VV'J.  ^  —  •  t—  KJ  J  L-cA  J_J-  /  rt  J.  U11  U.  l  l  y 

since  Xgtall  approaches  rhub/rtfp  as  the  blade  angles  of  attack  decrease,  which 


they  do  at  higher  rpm.  This  factor  would  tend  to  offset  the  increase  of  tip 
speed  with  rpm,  and  would  explain  why  the  predicted  center  frequency  for  the 
spectral  peak  does  not  change  with  rpm.  Because  of  the  limited  rpm  range  of 
the  Y0-3A  data  and  the  slow  variation  of  one-third  octave  band  levels  adjacent 
to  the  spectral  peak,  the  reader  should  not  conclude  that  there  is  no  depen¬ 
dence  of  peak  frequency  on  tip  speed. 


(c)  Comments  on  Peak  Levels  of  One-Third  Octave  Bands  and 
Directivity  Functions 


It  is  believed  that  inadequacy  of  the  directivity  functions  for  any 
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of  the  options  of  Reference  7  is  at  least  partly  responsible  for  failure 
to  predict  the  vortex  noise  at  near  overhead  conditions.  This  fact  also  leads 
directly  to  a  rationale  for  the  method  adopted  by  Lockheed  in  this  study  for 
correcting  the  data  by  referencing  the  peak  l/3  octave  band  vortex  noise  level 
to  the  level  of  the  fundamental  rotational  noise. 

(d)  An  Empirical  Correction  to  Vortex  Noise  Related  to 
Rotational  Noise 


•  Fluctuating  Blade  Force  Strength  Trends  versus  rpm 


It  will  be  recalled  from  Equation  IV-9  of  this  Appendix  (Section  lb(l)(c) 
that  the  tangential  force,  or  torque  force,  per  unit  radial  distance  is  given 
by 
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(IVJ-33) 


where,  dL/dr,  is  the  lift  gradient:  db/dr,  is  the  drag  gradient ;  and  «av  is 
the  advance  angle  (between  the  propeller  disc  plane  and  the  direction  of  the 
relative  wind  vector,  Vr).  The  parameters  Vr  and  Oiav  are  defined  as  follows 


V  -  \/v  2  +  V>  2 

r  V  xo  Y  o 

a  =  tan'1  (V  /V  .  ) 

av  '  xo'  o 

where,  for  axi symmetric  inflow, 

VXO  =  V*o  (1  +  U5b  (r,) 

V0  q  =  fir  (1  -  omsb  lr)) 

In  the  case  of  forward  flight  (as  opposed  to  static  conditions)  at  low 
rpm  the  advance  angle  becomes  large  so  that  the  blade  lift  force  contributes 
significantly  to  the  torque  force,  via  the  second  term  of  Equation  IV -133.  Also, 
at  low  rpm,  the  blade  angles  of  attack  and  lift  coefficients  must  increase  to 
generate  a  given  thrust,  with  a  corresponding  increase  in  drag. 

In  the  case  of  vortex  noise  at  the  overhead  position,  the  dipole 
strength  for  vortex  noise  is  porportional  to  the  fluctuation  in  the  tangential 
force;  therefore,  one  could  write  as  an  '’ac"  analogy 
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(IV-  134) 
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where  the  (  )  implies  a  transient  fluctuation.  The  advance  angle,  itself, 

is  sxibject  to  a  fluctuation  at  rotational  frequency,  owing  to  its  own  circum¬ 
ferential  non-uniformity, 
where 
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(IV-  135) 


In  the  higher  frequency  range,  governed  by  vortex  noise,  the  last  two  terms 
of  Equation  IV-lS^become  negligible  since  oj  >>  S2  and  Equation  IV-1CG  reduces 
to 
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dF  =  dD  cosa  +  dL  sina 
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•  Hypothesis  for  Vortex  Noise  Prediction 

In  the  present  study  the  empirical  correction  is  based  on  the  premise 
that  there  exists  a  fluctuation  in  the  tangential  force  which  is  proportional 
to  the  steady  state  tangential  force. 

The  above  hypothesis  immediately  leads  to  several  conclusions: 

•  The  vortex  noise  should  be  directly  related  to  the  fundamental 
rotational  noise  because  the  rotational  noise  is  proportional  to 
the  torque  force. 

•  The  directivity  maximum  for  the  fluctuating  torque  force  dipole  is 
in  the  plane  of  rotation.  By  contrast,  the  directivity  functions 
of  Options  2  and  3  are  maximum  in  the  thrust  direction,  appropriate 
only  for  a  fluctuating  thrust  dipole. 

•  The  strength  of  the  fluctuating  torque  force  dipole  can  be  expected 
to  increase  with  decreasing  rpm  because  of  (a)  increased  advance 
angle  and  (b)  increased  blade  angle  of  autack  of  lift  coefficient. 

•  Since  the  random  dipole  radiation  efficiency  increases  according  to 

wave  number  squared  (k2  --  U)  2/a2)  which  increases  with  rpm,  the  com¬ 
bined  (opposing)  trends  of  radiation  efficiency  and  source  strength 
vs.  rpm  can  lead  to  a  "bucket1'  in  the  curve  of  peak  vortex  noise 
level  versus  rpm,  such  as  has  been  found  in  the  Y0-3A  flyover  data. 
(See  Figures  l4  and  15  ). 

The  conclusions  above  provide  a  logical  impetus  to  seeking  a  correla¬ 
tion  between  the  fundamental  rotational  noise  ana  the  vortex  noise  at  the 


(IV- 136) 
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overhead  condition,  since  it  has  been  shown  that  the  rotational  noise  has  a 
"bucket"  which  is  to  be  expected  from  the  fundamental  considerations  discussed 
previously  in  this  Appendix. 


It  is  also  to  be  expected  that  there  exists  a  fluctuating  thrust  force 
(see  Equation  IV-8,  Section  2b(l)(c)  of  the  form 


<?T_ 

(iT 


dL 

dr 


cos 


av 


sin  a 
av 


(17-137) 


ibis  would  give  rise  to  a  fluctuating  thrust  dipole  radiation  having  its 
maximum  directivity  along  the  thrust  axis,  which  would  not  contribute  to  vortex 
noise  at  the  overhead  condition.  At  the  lowest  rpm  (480  rpm)  the  YG-3A  pro¬ 
peller  has  advance  angles  in  the  range  of  50  to  60  degrees;  therefore,  the 
fluctuating  lift  dipole  contributes  more  to  the  torque  force  fluctuation  than 
to  the  thrust  force  fluctuation  (since  sin  »av  >  cos  for  » av  >  45°). 

Note  also  that  one  should  expect  a  finite  cross  correlation  between  fluctuating 
thrust  and  torque  forces  which  would  have  a  directivity  maximum  at  45°  from 
the  thrust  axis. 


•  Comments  on  the  Acoustic  Radiation  Effic.ency  for  Vortex 
Noise  versus  Rotational  Noise 

It  will  be  recalled  from  the  first  part  of  this  Appendix  that  a  major 
part  of  the  explanation  for  the  underprediction  of  rotational  noise  levels  by 
the  standard  axi symmetric  rotatirnal  noise  theory  of  Reference  7  is  caused  by 
non-uniformity  oi"  the  inflow  to  the  propeller  disc.  These  effects  are  dis¬ 
played  in  Equation  IV -29,  Section  lb (3) (a)ofthis  Appendix.  A  simpler  version 
shewing  the  effects  of  the  non-uniformity  harmonics  < an  be  written  as 


where  if  6  is  the  directivity  angle  (=  0  on  thrust  axis) 

arg  =  kr  sin  Q 

k  =■  (into^/a)  =>  (mBfi/a)  (IV-  139) 

The  J 8n  n  =  0,1,2...  j  are  the  complex  Fourier  coefficients  which  describe 
the  circumferential  non -uniformity  of  tangential  force .  For  a  3-bladed  pro¬ 
peller,  f-he  fundamental  rotational  noise  becomes  (noting  §0  =  1,  by  definition, 
and  mB  =  3 ) : 
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(IV-i4o) 


J3(arg)+  fitej 


1*1 

*4-,  (arg)e  +8, 

C,  d 


% 

e  Jj^arg)  + 


i4>  ja 

+  63  ^0(arg)e  3+6^  prij  ^(argje  +.  .  . 

We  note  that  the  JQ  tern  is  cancelled  identically.  For  slew  rotation 
speeds  and  small  radii,  the  quantity  arg  -  hr  sin  6 «1,  and  from  well  known 
Bessel  function  relations 

J^arg)  s?  (kr/2)3  si n30 
J  (arg)  as  (kr/2  sin  0)2 

(IV-141) 

J^arg)  «  (kr  sin  0/2) 

JQ(arg)  s  1 

Thus,  for  rotational  noise  the  radiation  efficiency  is  proportional  to 


’Jrad®  j(kr*lne] 

)3  +  251 

3  3 

|krsin0| 

-  1  5 
3 

i,(-l)  ^fcrsinfl)  .  .  j 

(IV- 142) 

j_l(«Xg)  =  -J^KTg) 

2=  -  (krflin0/2) 

(IV- 143) 

■’W  j(sala»)3 

V 

+  2  5,  /krsinfl)  2  +  1  (( 

-rM  2  j  3  V 

3 

S2^)(kr»lns)t.  .  .J;iy  lWj 
J 

By  contrast,  the  radiation  efficiency  for  a  point  dipole  is  proportional  to 


t?  rad  «(kr  sinG  ) 


(IV- 145) 


The  difference  between  the  weak  radiation  efficiency  of  ajclsyinmetrlc 
rotational  noise  of  propellers  and  the  relatively  greater  efficiency  of  point 
dipoles  is  explained  by  destructive  interference.  In  the  case  of  axisymmetrlc 
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rotational  noise,  §a  a  0,  for  n>0.  Therefore  for  a  3-bladed  propeller 


77  a  i  /krsin6\  raB  -  1  /krsine\  ^ 

”ra&,  uxisymm  mB!  \  2  j  3i\2  /  (iyJLi*6) 

Thus,  the  mean  squared  sound  pressure  level  for  rotational  noise 
varies  according  to 


3  20  ^Ioeio  (Sftes 


=  6o£og1Q  ^krBinej 

for  a  three -h laded  propeller  with  axi symmetric  inflow. 

For  the  case  of  a  point  dipole  the  correction  for  radiation  efficiency 
is 


ASH^Qint  ^  ^eos10  (krsine)  (1V-149) 

dipole 


In  the  case  of  propeller  Made  vortex  noise,  the  fluctuating  forces 
on  the  blade  are  correlated  for  only  a  small  distance  (of  the  order  of  one 
trailing  edge  boundary  layer  thickness,  and  possibly  a  few  percent  of  the 
blade  tip  radius  near  the  blade  tip).  Therefore,  the  radial  distribution  of 
vortex  noise  radiators  are  summed  as  random  loads,  rather  than  being  considered 
to  have  definite  phase  relations  as  displayed  by  Equation  IV -29,  Section 
of  this  Appendix  describing  rotational  noise. 

Of  even  greater  significance  is  the  randomness  of  phase  of  the  loads 
on  different  blades.  Consequently,  when  intergrating  the  circumferential 
contributions  to  the  far  field  vortex  noise  at  a  given  radial  station,  each 
blade,  whose  force  fluctuations  are  random  in  phase  in  relation  to  the  other 
blades  ,  always  adds  energy  to  the  far  figld  random  noise,  and  does  eo  with  a 
radiation  efficiency  proportional  to  (kc)^  which  is  the  efficiency  associated 
with  a  sum  of  randomly  phased  point  sources.  By  contrast,  the  circumferential 
integration  of  the  properly  phased  blade  load  contributions  for  rotational 
noise  gives  rise  mathematically  to  the  Bessel  functions  whose  small  magn.itude s 
at  low  wave  numbers  can  be  thought  of,  physically,  as  the  result  of  destructive 
interference . 


(IV-  lV/0 

(IV-148) 


When  the.  circumferential  loading  .of  the  "blades  is  non-r uniform,  as 
described  by  the  Fourier  loading  harmonic  (LE)  mnlitudos ,  additional,  more 
efficient  rotational  noise  radiation  modes  are  brought,  into  play  which  radiate 
in  proportion  to  lower  order  Bessel  functions.  In  the  case.,  of  rotational 
noise,  one  can  regard  the  non-uniformity  effects  as  a  tendency  to  randomize 
the  phase  relations,  and  hence  a  process  that  breaks  up  the  destructive  inter¬ 
ference  which  characterizes  purely  axisymmetric  rotational  noise. 

In  the  case  of  propeller  vortex  noise,  the  blade -to-b lade  phase  rela¬ 
tions  are  clearly  random;  therefore,  one  would  never  expect  to  find  the  kind 
of  destructive  interference  phenomenal  such  as  is  associated  with  propeller 
rotational  noise.  Because  these  random  point  sources  have  a  weaker  wave 
number  dependence  (by  a  factor  of  40  log  (kr  slnG))  for  a  3  bladed  propeller, 
it  may  be  expected  that  the  variation  of  fluctuating  blade  force  with  rpm 
should  have  a  more  direct  affect  on  far  field  noise  radiation,  since  the 
radiation  efficiency  does  not  decrease  so  rapidly  with  reduced  rpm  as  is  the 
case  with  axisymmetric  propeller  noise. 

It  will  be  recalled  in  this  Appendix  (Section  lb (2) (a),  Figures  19  and 
22 )  that  (in  the  case  of  purely  axisymmetric  propeller  noise  radiation)  the 
predicted  fundamental  SPL  at  a  fixed  airplane  flyover  speed  and  thrust  shews 
only  a  slight  bucket  in  the  curve  vs.  rpm,  with  decreasing  rpm  for  all  reason¬ 
able  estimates  of  propeller  efficiency  and  horsepower.  It  was  concluded  that 
the  decreased  radiation  efficiency  ( l?rad  20mB  log  (kr)  )  at  low  rpm  largely 
offsets  any  increases  in  steady  state  propeller  power  input  associated  witn 
low  efficiency  propeller  operation  at  low  rpm.  As  mentioned  above,  the  radia¬ 
tion  efficiency  for  random  point  dipole  sources  does  not  decrease  so  rapidly 
at  low  rpm.  Consequently,  there  is  a  greater  expectation  for  finding  a 
"bucket"  in  the  vortex  noise  versus  rpm  curve  than  for  the  rotational  noise. 


APPENDIX  V 


TABULATED  PREDICTIONS  OF  PROPELLER  NOISE  AND  AURAL  DETECTION  RANGE 


The  design  charts  presented  in  Section  VII  were  constructed  from 
propeller  noise  and  aural  detection  range  predictions  made  with  the  modified 
Air  Force  computer  program  by  Mr.  Jerry  Martin  (ASD/XRHD)  and  Mr.  Walter 
Lichtenburg  (ASD/XRHP  ) .  These  noise  and  range  data  are  tabulated  in  this 
appendix. 

Parametric  data  on  which  these  predictions  were  made  were  as  follows: 

Propeller  Diameter:  8,  10  and  12  feet 

Number  of  Blades,  2,  3,  4,  5,  and  6 

Thrust:  100,  200,  300,  400,  and  500  pounds 

Helical  Tip  Speed:  0.20,  0.25,  0.30,  0.35.,  and  0.40  Mach 

Thus  the  tabulated  data  reflects  variation  in  four  independent  variables. 
Held  constant  were  the  following: 

Propeller  Blade  Configurations  Same  as  the  standard  3  blade  propeller 

used  on  the  Y0-3A  aircraft  described  in 
Appendix  I  and  Bcaled  to  size 

Aircraft  Velocity:  125  feet  per  second  (74  kts) . 

Aircraft  Altitude:  125  feet. 

Each  table  of  tabulations  represent  a  given  propeller  blade  diameter  (D) 
and  given  number  of  blades  (b) .  For  each  value  of  thrust  (t),  the  calculated 
values  of  helical  tip  speed  (M-j.) ,  propeller  efficiency  (T)),  and  blade  angle 
of  attack  at  3/4  radius  (63/4)  ore  tabulated.  The  predicted  values  of  overall 
sound  pressure  level  (0ASPL;  on  the  ground  radiated  from  the  aircraft  in  over¬ 
head  position  at  an  altitude  of  125  feet  and  the  minimum  aural  detection  range 
(ADR)  implied  by  these  noise  levels  assuming  daytime  jungle  background  noiBe 
are  also  tabulated. 
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TABLE  I 


Propeller  Diameter;  8  feet  Number  of  Blades; 2 


T 

(Pounds) 

(MA&O 

(Deg?^es) 

OASFL 

(d£) 

ADR 

(feet) 

100 

0.20 

0.810 

52.53 

80.6 

3,397 

0.25 

O.858 

36.69 

79-1 

1,628 

0.30 

0.862 

30.69 

76.9 

2,243 

0.35 

0.842 

25.27 

80.6 

3,820 

o.lo 

0.799 

21.25 

83.6 

8,052 

200 

0.20 

66.03 

0.25 

0.728 

49.58 

91.3 

11,434 

0.30 

O.816 

36.52 

85.6 

6,018 

0.35 

0.833 

29.43 

82.5 

4,815 

0.40 

0.830 

24.43 

82.2 

7,027 

300 

0.20 

0.25 

0.30 

0.659 

46.24 

0.35 

0.788 

33.92 

91.5 

14,122 

0.4o 

0.805 

27.67 

88.9 

15,990 

4oo 

0.20 

0.25 

0.30 

0.35 

0.705 

39.91 

98.9 

35,808 

O.Uo 

0.767 

31.19 

95.4 

36.185 

500 

0.20 

0.25 

0.30 

0.40 

0.716 

35.26 

100.7 

78,760 
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TA3LE  II 


propeller  Dieter i_JLQ_feet  Humber  « 

Df  Blades: _ 2_ 

OASFL 

T 

(Pounds ) 

100 

(ma£h) 

0.20 

0.858 

0  f\ 

(Degrees) 

47.31 

(dB) 

75  -4 

0.25 

0.872 

35.44 

72.9 

0.30 

0.852 

28.77 

77-3 

0.35 

0.800 

23.56 

80.9 

o.4o 

0.730 

19.98 

83.6 

200 

0.20 

0.25 

0.838 

40.70 

84.6 

0.30 

0.855 

32.39 

80.7 

0.35 

0.847 

26 .16 

79.5 

0.40 

0.819 

22.00 

82.5 

300 

0.20 

0.25 

0.771 

47.20 

94.4 

0.30 

0.821 

36,18 

89-8 

0.35 

0.836 

28.78 

86.5 

o.4o 

0.830 

24.02 

84.8 

4oo 

0-20 

0.25 

96.6 

0*30 

0.776 

40.55 

0.35 

0.810 

31.52 

92*9 

o.4c 

0.819 

26.06 

90.6 

500  0.20 
0.25 


0.30 

0.35  0.779  34.48 

0;40  0.799  28 'lU 


97.9 

95.3 


ADR 

(Feet) 

2,052 

1,545 

2,552 

3,837 

5,241 

5,865 

3,771 

3,274 

4,625 

17*545 

10,578 

7,307 

5,972 


22,087 
14,745 
II., 473 


25,431 

19,232 
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TABLE  III 


Propeller  Diameter :  12  feet  Number  of  Blades: 2 


T 

(Pounds) 

(MA$H) 

(De^Aes) 

0ASPL 

(as) 

ADR 

(Feet) 

100 

0-20 

0.873 

44.88 

71.7 

1,463 

0„25 

0.862 

33.88 

73.3 

1,750 

0.30 

0.821 

27.77 

77-4 

2,764 

0.35 

0.754 

23.26 

80.4 

3,900 

J.4o 

0.664 

19.41 

83.3 

5,434 

200 

0.20 

0.825 

51.26 

87.2 

8,439 

0.25 

0.865 

37-45 

80.6 

3,968 

0.30 

0.863 

30.29 

77.4 

2,772 

0.35 

0.338 

25.13 

79-3 

3,443 

0.40 

0.735 

20.90 

82.5 

4,936 

300 

0.20 

0.682 

59.76 

0.25 

0.834 

4l.l6 

89.7 

11,115 

0.30 

0.853 

32.81 

85.8 

7,183 

0.35 

0.849 

27.01 

83.5 

5,527 

0.40 

0.823 

22.32 

82.1 

4,744 

400 

0.20 

0.25 

0.792 

45.51 

96.5 

23,508 

0.30 

0.829 

35.46 

92.3 

14,768 

0.35 

0.840 

28.89 

80.4 

10,796 

0.40 

0.031 

23.72 

87.4 

8,666 

500 

•J.20 

0.25 

r\  O  r\ 
v/  *  JV 

A  D/~i  ^ 

\J  •  UUJ. 

<•»  O  r? 

97.4 

25,572 

0.35 

0.824 

30.81 

94.2 

18,145 

o.4o 

0.827 

25.14 

91.9 

14,175 
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TABUS  IV 

Propeller  Diameter:  8  feet  Number  of  Blades  :_JL 


T 

(Pounds) 

(Mflfot) 

(Dc^ees) 

0ASPL 

(dB) 

ADR 

(Feet) 

100 

0.20 

0.842 

47.96 

66.2 

793 

0.25 

0.862 

36.26 

68.2 

1,344 

0.30 

0.845 

29.09 

73-0 

3,954 

0.35 

0.801 

24.13 

76.6 

8,089 

0 .40 

0.735 

20. 4o 

81.5 

14,732 

•'O 

0.20 

0.25 

0.8i4 

42.20 

75-7 

3,161 

0.30 

0.837 

33.09 

71.7 

3,312 

0.35 

0.834 

27.08 

75-5 

6,830 

0.4o 

0.810 

22.70 

80.8 

13,136 

300 

0.20 

o 

ro 

\J1 

52.98 

0.30 

0.795 

37.27 

8l.O 

9,511 

0.35 

0.813 

30.  C5 

78.1 

9,069 

0.40 

0.811 

24.98 

80.1 

11,939 

4oo 

0.20 

80.93 

0.25 

73.25 

0.30 

0.740 

42.29 

88.1 

21,450 

0.35 

0.779 

33.18 

84.8 

19,139 

o.4o 

0.792 

27.29 

84.3 

18,852 

500 

0.20 

96.62 

0.25 

62. 4o 

0.30 

65.19 

0.35 

0.742 

36.60 

90.1 

34,819 

o.Uo 

O.765 

29.69 

89.4 

35,020 
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TABLE  V 


Propeller  Diameter:  10 

feet  Number 

of  Blades : 

.g 

T 

( Pounds ) 

(ma£h) 

(De^/ees) 

GAS  PL 
(dB) 

ADR 

(Feet) 

100 

0.20 

0.864 

44.75 

62,1 

532 

0.25 

0.853 

33.94 

69*0 

1,173 

0.30 

0.809 

27.76 

73.0 

2,111 

O.35 

0.732 

22.86 

76,4 

4,826 

0.40 

0.643 

19.45 

81.1 

9,694 

200 

0.20 

0.812 

51.15 

77-3 

3,045 

0.25 

0.655 

37.56 

70.5 

l,4o6 

0.30 

0.G51 

30.29 

71.7 

1,764 

0.35 

0.820 

24.72 

75-8 

4,307 

o.4o 

0.770 

20.93 

80.8 

9,003 

300 

0.20 

54.33 

0.25 

0.821 

41.32 

79-7 

3,990 

0.30 

0.840 

32.89 

76.0 

2,840 

o.35 

0.833 

26.58 

75.1 

3.879 

o.4o 

O.807 

22.39 

SO. 3 

8,346 

4oo 

0.20 

89.69 

0.25 

O.777 

45.67 

86.7 

8,826 

0.30 

O.S15 

35.52 

82.5 

6,082 

0.35 

0.824 

28.95 

79-7 

6,487 

o,4o 

0.8i4 

2-  .83 

80.1 

8,028 

500 

0,20 

"0.39 

r\  oc 

47.92 

0.30 

0.785 

38.33 

87.7 

11,193 

0.35 

O.807 

30.33 

84.6 

11,280 

o.4o 

0,808 

25.2  8 

84.6 

13,973 

175 


TABLE  VI 


Propeller  Dinmeter:  12  feet  Number  of  Blader;  3 


T 

( Pounds ) 

(mIich) 

100 

0.20 

0.25 

0.30 

0.35 

0.40 

200 

0.20 

0.25 

0.30 

0.35 

O.Uc- 

300 

0.20 

0.25 

0.30 

0.35 

c.4o 

O 

o 

0.20 

0.25 

0.30 

0.35 

0.40 

500 

0.20 

0.25 

rs  oa 

V  «  JV 

0.35 

0.4o 

(Debtees) 

o.86l 

43.14 

0.824 

32.86 

0.759 

27.O8 

0.670 

22.77 

0.849 

47.35 

0.863 

35-34 

0.839 

28.85 

0.791 

24.10 

0.71U 

20.15 

0.805 

52.05 

0.853 

37.87 

0.852 

30.61 

0.827 

25.44 

0.776 

21.16 

65.34 

0.829 

40.46 

0.844 

32.45 

0.836 

26.77 

o.8o4 

22,19 

0.802 

43.22 

r\  Qon 
'j « 37 

Oh  OO 

U.&j  2 

28.12 

0.8i4 

23.21 

OASPL  ADR 


(dB) 

(Feet) 

62.7 

605 

69.3 

1,288 

72.8 

1,934 

75-5 

2,646 

73.2 

2,021 

67.6 

1,059 

71-9 

1,748 

75-3 

2,591 

80.4 

5,531 

82.7 

5,948 

75-7 

2 , 6 1 

72.4 

1,843 

74.8 

2,452 

80.1 

5,?-39 

83.2 

5,618 

78.6 

3,729 

76.5 

2,970 

79-6 

4,959 

87.4 

10,150 

AO  c; 

•  ✓ 

£ 

81.2 

5,042 

81.5 

6,036 

TABLE  VII 


"Propeller  Diameter:  8  feet  Number  of  Blades: _ 4 


T 

(Pounds) 

(k$Ich) 

(Deg?^es) 

OASPL 

(<3B) 

ADR 

(Feet) 

100 

0,20 

0.847 

46.74 

62.5 

692 

0.25 

0.353 

35-80 

69.5 

1,098 

0.30 

0.824 

28.97 

76.2 

9,743 

0.35 

0.771 

24.21 

80.2 

16,424 

o.4o 

0.699 

20.60 

83.3 

33,776 

200 

0.20 

0.763 

54.55 

75.1 

2,951 

0.25 

0.82? 

39.77 

67.3 

2,687 

0.3C 

0.836 

31.54 

71.2 

5,570 

0.35 

O.810 

25.99 

75-2 

10,004 

o.4o 

0.780 

21.88 

78.5 

18, 401 

300 

0.20 

0.25 

0.773 

44.87 

u.o 

8,147 

0.30 

0.808 

34.78 

73.5 

7,147 

0.35 

0,813 

23.38 

74.3 

8,94a 

A  K  A 

A  nAfl 

u.  (yu 

23*76 

i*tO  /\ 

1  r?  r*»l.  r\ 
X { jCHU 

400 

0.20 

0.25 

0.30 

0.770 

38.19 

80.2 

15,024 

0.35 

0.791 

30.78 

77.1 

11,936 

0.4C 

0.791 

I5  »6l 

77 .5 

x6,239 

500 

0.20 

0.25 

0.30 

0.727 

42.16 

85.8 

27,279 

0.35 

0.762 

33. 2y 

82.3 

20,008 

o.4o 

0.773 

27,47 

80.3 

23,100 

ITT 


TABLE  X 


Propeller  Diameter 

:  12  feet  Number 

of  Blades  : _ 4 

T 

(Pounds ) 

M 

(MA.fi  ) 

(Deicer.) 

OAGrL 

(dB) 

ADR 

(Feet) 

100 

0.20 

0.83& 

42.32 

62.6 

726 

0.25 

0.783 

32  .lf0 

68.4 

1,427 

0.30 

0.703 

26  7' 

73.0 

2,565 

0.35 

0.602 

22.55 

75-6 

5,338 

o.4o 

0.517 

19.01 

200 

0.20 

0.851 

45  .61 

66.0 

1,070 

0.25 

0.847 

34.33 

66.9 

1,189 

0.30 

O.O09 

23.16 

72.1 

2,271 

0.35 

0.745 

23.6? 

75.2 

4,970 

o.4o 

0.652 

19.8: 

78.1 

9,5!>4 

300 

Q.2C 

0.822 

4  3 . 06 

75.0 

3,019 

0.25 

0.850 

33.  v5 

67.8 

1,324 

o.30 

0.330 

2. -.5- 

74-3 

2,041 

0-35 

0.797 

o', 

«  4. 

74.7 

4,620 

o.Lc 

0.730 

22  64 

77.9 

9,087 

LOO 

0.20 

0.782 

52.97 

82.0 

6,683 

0.25 

0.837 

8' '.39 

74.1 

2,712 

0.  .30 

0.839 

31.03 

71.7 

2,lU 

0.35 

0.817 

25.80 

74.3 

4,313 

0.40 

O.769 

21.47 

77-7 

8,653 

500 

0.20 

0.704 

58.67 

88.7 

13,956 

0.25 

O.olT 

I.A  )i  r"7 

*+V  *  { 

7Q,2 

4.  RBI 

•  j  -  r 

0.30 

0.831 

32.49 

76,6 

3,769 

0.35 

0.821 

26.87 

74.3 

4,304 

0.40 

0.788 

22.30 

77.5 

8,270 

M, 

11ACH) 

(Decree) 

OASl’L 

(<TO) 

ADR 

(1'oct) 

0.20 

0.844 

44.85 

61.7 

1,060 

0.25 

0.835 

34.46 

69.O 

4  1A7 

0,30 

0.790 

27.97 

73.1 

8,540 

0.35 

0.717 

23.31 

76.0 

13,397 

0.40 

0.626 

19.81 

78.3 

24,433 

0.20 

0.782 

51.54 

69.6 

2,616 

0.25 

0.830 

36.35 

66.7 

3,215 

0.30 

0.827 

30.61 

71.4' 

7,044 

0.35 

0.7S9 

25-35 

74  .9 

11,819 

0.40 

0.749 

21.42 

77-7 

22,837 

0.20 

0.25 

0.788 

42.39 

72.6 

6,326 

0.30 

0.811 

33.35 

70.1 

6,126 

0.35 

0.806 

27.39 

74.0 

10,643 

0.U0 

0.781 

23.02 

77.1 

21.424 

0.20 

0.75', 

47.06 

79-0 

14,101 

0.25 

0.781 

36.14 

74.5 

9,793 

0.30 

0.792 

29.43 

73.2 

9,768 

0.35 

0.783 

24.63 

76.6 

20,225 

0.40 

0.20 

0.25 

0.30 

0.748 

39-07 

79.8 

.  r 

-LO  ,  O  l  d 

0.35 

0.770 

31.48 

76.2 

13,798 

0.40 

0.772 

26.21 

76.2 

19,286 

TABLiJ  XII 


Propeller  Diameter:  IQ  feet  Number  of  Blades: _ 5 


T 

(Pounds) 

(jyIA.Sn) 

0 

(Deg^eee ) 

OASPL 

(<J3) 

ADR 

(Foot) 

100 

0.20 

0.839 

42.au 

62.7 

797 

C.25 

0.797 

32.86 

65.8 

2,998 

0.30 

0.725 

27. ou 

73-3 

6,2H 

0.35 

0.620 

22.37 

76.1 

10,97o 

0.^0 

0.52  7 

19.15 

200 

0.20 

0.832 

U6 .85 

6U.6 

990 

0.25 

0.8U2 

35-26 

68  ,0 

2,341 

0,30 

0.313 

28.77 

72.1 

5,838 

0.35 

0.752 

23.67 

75- 1 

10,064 

o.Uo 

0.676 

20.15 

77.8 

15,073 

300 

0.20 

0.787 

51.24 

7U  .1 

2  ,949 

0.25 

0.833 

37.71 

6,-.; 

2,231 

0.30 

0.828 

30.50 

71.: 

U,823 

0.35 

0.797 

24.95 

7U.7 

9,3 

O.UO 

O.7U2 

21.17 

77.5 

1-  ,235 

Uoo 

0.20 

O.7U2 

56.67 

81.7 

6,9-9 

0.25 

0.805 

40.23 

7U.1 

9- "31 

0.30 

0.821 

32.26 

70.2 

4,320 

0.35 

C.806 

26.25 

74.i 

8,-36U 

O.UO 

0.771 

22.19 

77  1 

13,513 

500 

0.20 

r*  oc 

n  tAa 

v/  *  I  v/v 

bo  ,04 

70 
•  x  *  ’ 

8  68U 

0.30 

c.806 

34.04 

7U.9 

7 ,423 

0.35 

0.803 

27.53 

73-6 

8,2C? 

o.Uo 

0,782 

23.20 

76.8 

12,898 
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TABLE  XIII 


N 


Propeller  Diameter :  12  foci  Number  of  Blades  : _ L 


T  M 

(Pounds)  (N&CI() 

100  0.20  0.014 

0.25  0.7^5 

0.30  0.654 

0.35  0.547 

0.40 

200  0.20  0.845 

0 .2*  0.828 

0.30  0.777 

0.35  0.708 

o.4o  0.602 

300  0.20  0.828 

0.25  0.842 

0.30  O.816 

0.35  0.766 

O.Un  0.68' 

400  0.20  0.797 

0.25  0.837 

0.30  0.828 

0.35  0.794 

0.40  0.734 

500  0.20  0.759 

0.25  0.823 

0.30  0.826 

0.35  0.806 

0.40  0.761 


9  on. 

(Decrees) 

OASPL 

(dB) 

ADR 

(Feet) 

41.05 

63.3 

861 

32. 14 

70.2 

1,968 

£6.60 

73-4 

4 ,288 

22.45 

75.0 

7,943 

44.58 

61.3 

700 

33.79 

68.8 

1,657 

27.81 

72.5 

3,844 

23-37 

75-3 

7,520 

19.63 

77-7 

11,787 

47.42 

70.1 

3,927 

35-46 

67.6 

1,458 

29.02 

71.6 

3,481 

24.29 

74.7 

6,967 

20,35 

77.4 

11,306 

50.48 

76.9 

4,137 

37-17 

70.4 

1,988 

30.23 

70.9 

3,192 

25.22 

74.2 

6,593 

21.07 

77.2 

10,844 

53.91 

82.5 

7,840 

38.89 

75.3 

3,499 

31.43 

71.4 

3,373 

86.14 

73.8 

6,188 

21.77 

76,9 

10,431 
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TAB5E  XIV 


Iropeller  Diameter: _ 6  feat  Number  of  Blades:  6 


T 

(rounds) 

M. 

(MACH) 

(DeE^eeG) 

OASPL 

(dB) 

ADR 

(lroet) 

100 

0.20 

0.790 

49.85 

66.0 

2,174 

0.25 

0.827 

37.65 

68.1 

4,012 

0.30 

0.816 

30.06 

72.6 

8,014 

0.35 

0.778 

24.97 

75.8 

16,050 

0.40 

0.720 

21.15 

79-4 

28,819 

200 

0.20 

0.837 

44.13 

63.0 

1,546 

0.25 

O.818 

34.07 

70  ..3 

5,137 

0.30 

0.761 

2?  .66 

74.2 

9,457 

0.35 

0,681 

23 .15 

77 .0 

16,331 

0.40 

0.586 

19.70 

80,3 

31,362 

300 

0.20 

0.708 

57.03 

76.6 

7,370 

0.25 

0.794 

40.96 

69.2 

4,592 

0.30 

0.806 

32.43 

71.4 

7,00o 

0.35 

0.795 

26.78 

76.9 

14,443 

a  1, « 

u.nu 

n  rr/'  t 

V.  (VJL 

nn  c  ri 

n*  Q 

f  •  v/ 

f 

400 

0.20 

0.25 

0.751 

44.68 

76.1 

9,642 

0.30 

0.784 

34.90 

71.0 

6,786 

0.35 

O.787 

28.60 

74.1 

13,231 

o.4o 

0.770 

24.01 

78.2 

25,293 

500 

0.20 

0.25 

0.701 

42.23 

82.1 

17,823 

0.30 

0.755 

37.40 

70.2 

11,513 

0.35 

0.770 

30.40 

73-5 

12,327 

0.40 

0,765 

25.46 

77.7 

24.014 
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TABLE  XV 


Propeller  Diameter:  10  feel  Humber  ol'  Blades:  6 


T 

( Pounds ) 

(Mft&l) 

0 

(Deuces ) 

OACPL 

(dB) 

AD^^ 

(Feet) 

100 

0.20 

0.323 

42.41 

64.0 

1,022 

0.25 

0.769 

32.62 

73  .2 

3,949 

0.30 

0.630 

20.90 

74  .0 

7,031 

0.35 

0.577 

22.29 

77.3 

11,749 

o.4o 

0.485 

19.II 

2G0 

0.20 

0.330 

45.88 

61.8 

70S 

0.25 

C.830 

34.73 

69.5 

3,251 

0.30 

0.791 

20.43 

73.4 

6,843 

0.35 

0.720 

23.45 

76.5 

10,076 

0.4-0 

0.657 

20.00 

79.9 

20,524 

300 

0.20 

0.795 

49.58 

70.6 

2,168 

0.25 

0.829 

36.80 

68.1 

ro 

& 

0.30 

0.815 

29.58 

72.4 

6,124 

0.35 

0.772 

24.59 

75.8 

10,130 

gAo 

0*711 

<*«  -  rtA 

CL\J 

fro 

-1  r>  -*>  1  r\ 

V 


TABLE  XVI 


Propeller  Diameter:  IP  feet  Number  of  Blades;  6 


T 

(Po'indr, ) 

\ 

(MfCH) 

(Devices) 

OAGPL 

(OB) 

.lDK 

(Feet) 

100 

0.£0 

0.789 

41.57 

64.7 

1,124 

0.05 

0.709 

31.99 

71-7 

2,v6l 

0.30 

0.611 

26-51 

74.8 

5>943 

0.35 

0.501 

22. 40 

77.0 

9  >44  7 

0.40 

0.42U 

18.97 

£00 

0.^0 

0.836 

43.93 

62,7 

058 

0.25 

0.O07 

33.44 

70.3 

2,355 

0-30 

0.7H7 

27.58 

73.9 

5 , 368 

0.35 

0.66!; 

23.23 

76.5 

8,896 

0.4-0 

0.558 

19.54 

79-9 

14,221 

300 

0.20 

0.327 

46 .4o 

67.0 

1,475 

0.25 

0.031 

34.91 

69-2 

2,067 

0.30 

O.790 

28.66 

73.1 

4,886 

0.35 

0.736 

24.05 

75-9 

8,448 

o.4o 

0.649 

20.19 

79.6 

13,653 

‘tOO 

0.20 

0.803 

48. 9« 

73-5 

3,083 

0.25 

0.831 

36.40 

68.2 

1,355 

0.30 

0.8l4 

29-73 

72.3 

4,513 

0.35 

0.771 

24.87 

75.4 

7,956 

o.4o 

0.702 

20.33 

79.2 

13,111 

500 

0.20 

0.771 

51.81 

79-0 

5,767 

0.25 

0.822 

37.90 

72.2 

2,911 

0.30 

0.817 

30.80 

71.7 

4,167 

0.35 

O.788 

25.60 

74.9 

7,524 

0.1  to 

0.734 

21.97 

78.8 

12,612 
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